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Abstract 
 
 
In this thesis, the PhD candidate pursued the development of high performance smart 
windows, optical gas sensors and dye-sensitized solar cells (DSSCs) based on three selected 
nanostructured transitional metal oxides with excellent chemical stabilities and corrosion 
resistance, which included tungsten trioxide (WO3), molybdenum trioxide (MoO3) and 
niobium pentoxide (Nb2O5). 
After a comprehensive literature review, the PhD candidate realized that WO3 and 
MoO3 were suitable candidate materials for developing high performance electrochromic and 
gasochromic smart windows as well as optical gas sensors due to their excellent capabilities 
to accommodate intercalated charges and positive ions, while Nb2O5 was considered as an 
ideal photoanode material for highly efficient DSSCs because of its optimum electronic band 
structure. 
According to the literature review, the PhD candidate found that there were still many 
unknown issues regarding the fundamentals of WO3 and MoO3 gasochromism. This had 
limited the developments of gasochromic smart windows and optical gas sensors. The use of 
Raman spectroscopy for the in-situ investigation of the H2 gas molecules interactions with the 
WO3 and MoO3 surfaces enabled the PhD candidate to examine their gasochromic 
mechanisms. The in-situ Raman spectra changes of Pd/WO3 films were for the first time 
investigated as a function of crystal phases and operating temperatures in the presence of H2 
gas. Based on the results from these comprehensive sets of measurements, the PhD candidate 
concluded that the interaction with H2 gas resulted in the formation of oxygen vacancies and 
water molecules on the WO3 grains. The PhD candidate also employed in-situ Raman 
spectroscopy to investigate the H2 gas interaction with nanostructured MoO3, while 
 vi 
incorporating Pd as catalysts at room temperature. The Raman spectroscopy studies 
confirmed that the layered MoO3 nanostructure with high surface-to-volume ratio facilitated 
the H2 gas interaction. These studies also revealed that the H2 gas interaction caused the 
crystal structure of MoO3 transformed from the original α-MoO3 into the mixed structure of 
hydrogen molybdenum bronze and sub-stoichiometric MoO3, eventually forming oxygen 
vacancies and water molecules.  
By following the conclusions drawn from the in-situ Raman spectroscopic 
measurements, the PhD candidate developed highly sensitive fiber optic H2 gas sensors based 
on nano-platelet Pd/WO3 films. It was found that these gas sensors demonstrated impressive 
reflectance responses of 6% and 12% in the presence of 0.06% and 1% H2 gas in synthetic air, 
respectively, within the near infrared wavelength range at the optimum operating temperature 
of 100 °C.  
When the PhD candidate started this research, the reported electrochromic smart 
windows based on crystalline WO3 systems suffered from low coloration efficiencies. The 
PhD candidate hypothesized that the utilization of three dimensional (3D) crystalline WO3 
nanoporous networks can compensate this serious drawback. The PhD candidate synthesized 
such nanostructures at room temperature by anodizing the RF-sputtered W films in a 
delicately chosen electrolyte, under unprecedented low applied anodic voltages and mild 
chemical dissolution conditions. For the crystalline nanoporous networks with thicknesses 
ranging from 0.6 to 1 µm, impressive coloration efficiencies of up to 141.5 cm2 C−1 were 
achieved by applying a low coloration voltage of −0.25 V. The PhD candidate ascribed these 
remarkable characteristics to a combination of large surface areas, facilitating increased 
intercalation of protons and charges, as well as excellent continuous and directional paths for 
charge transfer and proton migration. 
 vii 
Currently DSSCs based on random networks of titanium dioxide (TiO2) nanoparticles 
offer the highest power conversion efficiencies but it is still limited for commercial 
applications. The PhD candidate chose Nb2O5 as a more suitable photoanode material to 
tackle this problem. However before starting this PhD research, none of the reported Nb2O5 
nanostructures could yield any successes due to their insufficient amounts of loaded dye and 
excessive charge scattering. In this PhD project, 3D Nb2O5 nanoporous networks were 
developed by using an elevated temperature anodization process. The PhD candidate showed 
that for the same thicknesses of ~4 µm, the DSSC based on Nb2O5 layer had a significantly 
higher efficiency (~4.1%) when compared to that incorporating a TiO2 nanotubular layer 
(~2.7%). To date, this is the highest efficiency among all the reported photoanodes for such a 
thickness when utilizing back side illumination. The PhD candidate ascribed this to a 
combination of reduced electron scattering, greater surface area, wider bandgap and higher 
conduction band edge, as well as longer effective electron lifetimes in the anodized Nb2O5 
nanoporous networks. 
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Chapter 1: 
 
 
Introduction 
 
 
1.1 Motivation 
Nowadays, almost 90% of the world energy is sourced from fossil fuels which mainly 
fall into oil, natural gas and coal. It is now widely accepted that global warming issues, due to 
the effects of increased greenhouse gas concentration, should be seriously addressed.[1] In 
addition, it is known that the natural sources of these fossil fuels will be depleted within the 
course of this century even by today’s rate of energy consumption (500 exajoules per 
annum).[2] Furthermore, the overdependence on fossil fuels leaves us vulnerable to air 
pollutants, namely CO, NOx and SOx, as well as related health risks.[1] Therefore, energy 
issues are and will remain in the centre stage of main discussions and policies of the society.  
Development of renewable and clean energies sourced from solar, wind, geothermal, 
hydroelectricity, nuclear and tide are now of strategic importance. Among these renewable 
energy sources, the sun is one of the clean abundant energy primary sources.[3] Photovoltaics 
have been used commercially for more than half a century and they are still amongst the 
hottest topics in today’s research and development. Photovoltaic devices convert solar 
irradiation directly to electricity with zero emission, and they have the potential to supply the 
whole world’s energy demand, as the total amount of solar energy which strikes the surface 
of the earth in 1 h is more than all the energy consumed on the planet in a year.[4] 
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The traditional p-n heterojunction based solar cells have reached the efficiency 
saturation point. They are relatively expensive, and pose environmental pollution during their 
fabrication processes.[5] Furthermore, their conversion efficiencies greatly depend on the 
angle of the incident light to the solar cells.[1] The third generation solar cells emerge to 
tackle these problems. These new generation solar cells do not rely on a heterojunction to 
separate photo-generated charge carriers.[3] Instead, they tend to form a ‘bulky’ junction, 
where charge separation takes place.[3] These solar cells mainly require low cost materials 
and facile fabrication processes and thus they are expected to take a significant stake in the 
fast growing photovoltaic market. 
Dye-sensitized solar cells (DSSCs) are considered to be one of the most promising 
third generation solar cell technologies, and they are currently under intense fundamental 
research and commercial development. In such devices, the light excitation of molecular dyes 
creates free electrons which are injected to the conduction band (CB) of the semiconductor 
where the dye molecules are anchored to; the oxidized dye molecules have to be reduced for 
the ongoing light excitation, and liquid electrolyte containing redox species are usually used 
to remediate the system.[6] Unfortunately, despite many theoretical advantages, DSSCs still 
suffer from many serious drawbacks such as low conversion efficiencies. So far, the 
maximum efficiencies obtained for DSSCs have only been up to 12.3% in the lab conditions 
and less than 9% for commercial units.[7] One of the objectives of this PhD project is to 
address the current problems of DSSCs and increase their power conversion efficiencies by 
utilizing alternative photoanode materials. 
In addition to renewable energy devices, another possible way to address the global 
energy concerns is to develop energy efficient systems. Undoubtedly, “smart windows” are 
amongst such systems. A smart window refers to switchable glass or glazing which changes 
its light transmission properties when an external stimuli is applied.[8] Since the first working 
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prototype of smart windows emerged in the mid-1980s, they have enjoyed continuous 
research and development in the past 30 years and now are recognized as one of the essential 
means to achieve energy efficiency in buildings.[9] In particular, the use of smart windows 
can reduce costs of heating, air-conditioning and lighting as well as avoiding the cost of 
installing and maintaining motorized light screens, blinds or curtains.[10] 
The current smart window technologies include chromic (mainly based on 
electrochromism), suspended particle, and liquid crystal devices as well as micro-blinds.[11] 
Electrochromic devices so far have been the most studied and promising type of smart 
windows.[12] In their operations, the light transmission properties of the window glass are 
changed reversibly and persistently when a small voltage is applied in the presence of 
positive ions (e.g. H+ and Li+) containing electrolytes (either solid or liquid phase).[9] As 
another objective of this PhD project, the PhD candidate aims to develop metal oxide based 
electrochromic smart windows with higher coloration efficiencies and better life time than 
those of in the market. 
Gasochromic smart windows, which fall into the subclass of chromic devices, have 
very similar operation principles to electrochromic smart windows except that their external 
stimulus are reducing gases instead of applied voltages.[13] However, gasochromic smart 
windows normally require thin coatings of noble metals (e.g. Au, Pt and Pd) acting as 
catalysts as well as gas production and storage subunits. These factors can increase the 
fabrication costs and result in the limitations of usage. On the other hand, the gasochromism 
provides a fundamental base to develop optical gas sensors.[14-15] Such sensors are also the 
subunits of energy efficient systems as they don’t require any electronic signals and their 
operating temperatures are relatively low (saving energy in heating).[16] Furthermore, as 
previously mentioned, gas sensors are of great importance for the assessment of air pollutants 
and they hence play an important role in the construction of green systems. In comparison to 
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other gas sensing platforms, optical gas sensors provide various advantages of being highly 
sensitive, strong gas selectivity and immunity to electromagnetic and mechanical 
inferences.[17-19] The final objective of this PhD project is to develop highly sensitive, reliable 
and durable gasochromic devices (mainly optical gas sensors) based on selected transitional 
metal oxides. 
In this thesis, the PhD candidate focuses attentions first on developing high 
performance electrochromic smart windows, then gasochromic devices that includes optical 
gas sensors and finally DSSCs. It is found that the transitional metal oxides are the key 
ingredients of these devices as most of them are chemically stable, cost affordable and able to 
provide great bases for charge and ion intercalations. There are various approaches to 
improve the performances of the aforementioned devices. The PhD candidate here only 
focuses in one of the most effective approaches – to engineer and tune the morphologies and 
crystal structures of transitional metal oxides into desired nano-architectures. It is understood 
that the utilizations of directional and continuous nanostructures can potentially enhance the 
performances of these devices due to the formation of confined paths for charge transfer, 
augment of the surface-to-volume ratios as well as forming structural dimensions comparable 
to the Deby length.[20] 
 
1.2 Objectives 
 The aim of this PhD research project is to develop high performance smart windows, 
optical gas sensors and DSSCs based on selected nanostructured transitional metal oxides. To 
investigate the feasibility of the proposed research, the following objectives outline the 
aspects considered in this thesis: 
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• Finding suitable transitional metal oxides as key materials for smart windows, 
optical gas sensors and DSSCs. 
• Understanding their operation principles and investigating the relevant mechanisms 
that affect their performances. 
• Developing safe, inexpensive, controllable and large scale producible methods for 
building optimum nanostructures of selected transitional metal oxides, with 
prerequisites of large active surface areas and high degrees of structural continuity. 
• Characterizing these developed nanostructured metal oxides and investigating their 
crystal structures, stoichiometries and structural impurities using various techniques.  
• Fabricating smart windows, optical gas sensors and DSSCs based on these 
nanostructured transitional metal oxides. 
• Investigating the performances of these devices and assessing them with standard 
benchmarks, to explain the basis of the enhancements of their performances.   
 
1.3 Thesis Organization 
 This thesis consists of eight chapters and one appendix, which are presented as 
follows:  
• Chapter 1 is an overview of the PhD candidate’s motivation for performing this 
research as well as the objectives and the organization of the thesis.  
• Chapter 2 presents the literature review of the general concepts for transitional metal 
oxides based electrochromic smart windows, gasochromic devices (including 
gasochromic smart windows and optical gas sensors) and DSSCs. The PhD 
candidate’s research rational is also presented in this chapter. In addition, 
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nanostructured WO3, MoO3 and Nb2O5 for the aforementioned applications are 
reviewed.  
• Chapter 3 presents the fundamentals of WO3 gasochromism as a function of WO3 
crystallinity and operating temperatures based on the in-situ Raman spectroscopic 
results of H2 gas interaction with RF-sputtered nanotextured WO3.  
• Chapter 4 outlines the fabrication process of nano-platelet WO3 films based fiber 
optic sensors and presents their H2 gas sensing results obtained at the optimum 
conditions stated in Chapter 3.  
• Chapter 5 outlines the synthesis and structural characterization details of anodized 
WO3 nanoporous networks grown on FTO glass substrates. Their electrochromic 
performances are accessed as a function of film thickness and optical wavelength, 
which are also presented in this chapter. 
• Chapter 6 presents the fundamentals of MoO3 gasochromism as a function of 
surface-to-volume ratios of the thermally evaporated MoO3 films based on the in-
situ Raman spectroscopic results of H2 gas interaction with nanostructured MoO3 in 
both the N2 gas and synthetic air environments.  
• Chapter 7 outlines the synthesis and structural characterization details of anodized 
Nb2O5 nanoporous networks. The fabrication process and the photoconversion 
results of the Nb2O5 based DSSCs are also presented in this chapter. 
• Chapter 8 presents conclusions of the thesis, the suggestions for possible future work 
as well as the PhD candidate’s achievements during his PhD project. 
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Chapter 2:  
 
 
Literature Review 
 
 
2.1 Introduction  
In this chapter, the PhD candidate presents all the relevant concepts in transitional 
metal oxides based electrochromic (EC) smart windows (presented in Section 2.2), 
gasochromic (GC) devices (including GC smart windows and optical gas sensors as presented 
in Section 2.3) as well as DSSCs (presented in Section 2.4) and justifies his work based on a 
comprehensive literature review. The concepts to be investigated in this PhD project can be 
divided into device operating principles, structures and performance evaluation parameters. 
As long term stability is one of the key prerequisites for developing commercially variable 
devices, the PhD candidate selects three inert transitional metal oxides with excellent 
chemical stabilities and corrosion resistance as the key materials for fabricating the targeted 
high performance devices. These selected transitional metal oxides in this PhD project are 
WO3, MoO3 and Nb2O5. The PhD candidate summarizes the basic properties, chromic and 
photoconversion performances of WO3, MoO3 as well as Nb2O5 and presents them in Section 
2.5, 2.6 and 2.7, respectively.  
 
Chapter 2: Literature Review 
 9 
2.2 Electrochromism in Transitional Metal Oxides 
 For a number of n-type transitional metal oxides (MOn), such as WO3, MoO3 and 
Nb2O5,  their optical properties can be switched reversibly and persistently in the presence of 
an electrolyte containing positive ions such as H+ and Li+ by applying low voltages.[1] This 
phenomenon is called electrochromism. During the EC operation, a small voltage (generally 
less than 3 V) is applied across the working cathode (MOn layer) and counter electrode  leads 
to the intercalation of a quantity (x) of positive ions and an equal quantity of electrons (e-) 
into the MOn layer where ion insertion is required to maintain electroneutrality.[1] This double 
intercalation of charge carriers results in the formation of alkaline metal bronze, leading to a 
colored state due to the metal ion oxidation state transition from higher to lower state. 
Conversely, when the polarity of the applied voltages is reversed, positive ions are de-
intercalated, which leads to a bleached state. This electrochemical reaction can be represented 
as follows: 
MOn + xI+ + xe− ↔ IxMOn 
                                (Transparent)             (Colored) 
(2.1) 
M is a transitional metal ion; I+ is a positive ion; the quantity x becomes the stoichiometric 
parameter of the product and can vary between 0 and 1. 
 The EC effect is strongly dependent on crystal stoichiometry with significantly 
different properties being reported for amorphous and crystalline films.[2-4] For the 
amorphous films, the absorption peak observed in the visible optical spectrum resulting from 
the injection of ions and electrons can be attributed to polaron absorption. Inserted electrons 
are localized in the metal ions sites with lower oxidation state and polarize their surroundings 
to induce lattice vibration.[5-6] The inserted positive ions (I+) either lie in the centers of the 
perovskite units (Figure 2.1 (a)) or are chemically bonded with the lattice oxygen (Figure 2.1 
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(b)). They are thus spatially separated from the electrons, which creates a dipole with distinct 
optical properties.[7] 
  
 
Figure 2.1. Unit cells for (a) cubic LiMOn and (b) HMOn with metal atoms as large solid 
circles, oxygen atoms as open circles, lithium atoms as large dashed circle, and hydrogen 
atoms as small solid circles located on a line between an oxygen site and the central position. 
The distance between the hydrogen and oxygen sites is denoted dOH.[8] 
 
 In the crystalline film, there is no spatial separation between the inserted positive ions 
and electrons as the inserted electrons behave as Drude model-like free electrons, which enter 
the extended states in the MOn band structure and undergo scattering by impurities inside the 
film.[8] This makes the material slightly metallic with a small increase in absorption across 
the spectrum and a slight increase in reflection at infrared wavelengths. Therefore the 
crystalline MOn films tend to have a smaller degree of color change compared to its 
amorphous counterpart.[9]  
 In practice, electrochromism has been utilized as the fundamentals in the development 
of EC smart windows and low power consumption display modules. There are a few types of 
configurations for such EC devices.[10] The most widely used and simplest configuration is 
the sandwich structure, shown in Figure 2.2. It includes an EC layer (MOn), an electrolyte for 
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ion storage, and two transparent conductors, which are utilized to establish electrical contacts. 
Application of a voltage drives the positive ions into the MOn where it is intercalated causing 
the electrochromism.  Reversing the voltage withdraws the positive ions from the MOn matrix 
and returns it to the electrolyte. The electrolytes are usually H2SO4 and HClO4 with H+ 
serving as the intercalation ions, while LiClO4 is widely-used for Li+ intercalation.  
 
 
Figure 2.2. (a) Schematic of a typical EC device with the sandwich structure, (b) Samples of 
the EC cell with solid electrolyte in the bleached and colored states.[21] 
 
 Five parameters are normally used to evaluate the performances of the EC smart 
windows in the literature, which includes cyclic stability (repeatability), optical modulation, 
switching time, reversibility and coloration efficiency.[11] Among these parameters, it is 
important to note that the switching time of the EC layer is limited both by the diffusion 
coefficient and the length of the diffusion path. These two factors depend on the chemical, 
crystal and micro/nano-structure of the MOn.[12] Another important characteristic parameter is 
the coloration efficiency (CE), which is defined as the change in optical density (∆OD) per 
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unit of charge (∆Q) intercalated into the EC layers.[11] The CE can be calculated from the 
following equations: 
Q
ODCE
∆
∆
=  (2.2) 






=∆
c
b
T
TQ log  (2.3) 
where Tb and Tc refer to the transmittance of the layer in its bleached and colored states, 
respectively. A high value of coloration efficiency indicates that the EC layer exhibits a large 
optical modulation with a small intercalation charge. This is a crucial parameter for EC smart 
windows, since a lower charge insertion or extraction rate also enhances the long term 
cycling stability. 
 Researchers demonstrated that amorphous MOn films generally had high coloration 
efficiencies (up to 230 cm2  C-1 for amorphous WO3)[13-14] and short switching times (~several 
seconds).[15-16] Unfortunately, the amorphous films generally have poor structural and 
chemical stabilities, resulting in dissolution of the films even in mildly acidic electrolytes.[1, 
11]
 Hence, this greatly affects their long term EC stabilities and repeatabilities. In particular, 
the charge intercalation abilities of amorphous WO3 based EC layers are reported to be 
dramatically degraded after 500 continuous coloration−bleaching cycles even in the 
electrolytes with low proton concentrations, mainly due to partial dissolution of the EC 
layer.[11] Therefore, Li+ based electrolytes have been a more popular choice for such EC 
devices. Nevertheless, the utilization of Li+ based electrolytes is found to result in long 
response time, due to the relatively small diffusion rate of larger Li+ ions.[17] In comparison, 
crystalline WO3 is much more stable due to its denser structure and slower dissolution rate in 
acidic electrolytes, but compensates such advantages with its poor coloration efficiency 
(~25 cm2 C-1) and long switching time (~several minutes). [18-20] 
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2.3 Gasochromism in Transitional Metal Oxides 
 Similar to electrochromism, gasochromism is that the optical properties of a number 
of MOn can be switched reversibly and persistently in the presence of catalysts when exposed 
to the reducing /oxidizing gases (the most popular type of gases is H2 / O2).[1] So far, WO3 
has been the most studied MOn for GC applications in the literature. In comparison to 
electrochromism, there are still many unknown issues regarding the fundamentals of WO3 
gasochromism. There are two widely-accepted models for describing the WO3 
gasochromism, which both agree that the coloration of the WO3 film is caused by the 
transition of the W valence state from 6+ to 5+.[22] One model is called the “double injection 
of ions”,[23] which is similar to the model proposed by the electrochromism (Figure 2.1 (b)).  
H2 ↔ H+ + e− (2.4) 
WO3 + xH+ + xe− ↔ HxWO3 
  (Transparent)             (Colored) (2.5) 
The other is the “generation of oxygen vacancies”,[24] as illustrated in Figure 2.3. For a 
reducing gas such as H2, this model can be briefly described as follows (generally a catalytic 
material such as Pd, Pt or Au is required to enhance the effect): (1) adsorption and 
dissociation of H2 onto the catalyst layer; (2) diffusion of H atoms along surfaces; (3) 
formation of an oxygen vacancy and H2O; (4) diffusion of oxygen vacancies into WO3 and 
(5) eventually escape of H2O. This model argues that the final GC products are WO3−x 
together with surface water molecules instead of the hydrogen tungsten bronze (HxWO3), 
which is suggested by the “double injection of ions”. Interestingly, both models are backed 
by experimental results to some extent.[23-24] 
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Figure 2.3. Illustration of “generation of oxygen vacancies” model for gasochromism.[1] 
 
 Lee et al.[25] carried out Raman spectroscopic studies on the gasochromism of 
amorphous WO3 film at room temperature. However, they did not detect surface oxygen 
vacancies based on their experiments, which utilized isotopic oxygen (18O2) as a bleaching 
gas to reverse the W valence state from W5+ back to W6+, rendering the film color. They 
suggested that the formation of surface water molecules did not occur during H2 exposure due 
to the absence of hydrous peaks in their experiments. They appointed the new peaks which 
appeared at 220, 330 and 450 cm-1 after H2 exposure to the vibration of v (O-W4+-O), v (O-
W5+-O) and v (W5+=O) bonds, respectively, which was supported by the model of “double 
injection of hydrogen ions and electrons” during GC coloration.  
 However, de Wijs et al.[26] later believed that the peak at 220 cm-1 could be assigned 
to the W5+-W5+ bond vibration modes based on “first principles” calculations, which were 
conducted on the electronic structure of the amorphous WO3. Georg et al.[27] observed the 
coloration-bleaching of WO3 films after alternate exposure to pure argon gas (Ar) to perform 
reverse reaction of the film coloration. They concluded that the GC model based on double H 
atoms injection was not in good agreement with their own findings as the bleaching in Ar gas 
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was slower than the coloration in H2, which could not be explained by the double injection 
model. In order to further validate this model, Opara-Krasovec et al.[28] conducted in-situ 
infrared (IR) spectroscopic studies of WO3 film synthesized using sol-gel method upon H2 
gas exposure. They confirmed the existence of surface water molecules and the electronic 
transitions involving W6+/W5+ redox changes.In practice, GC devices mainly include GC 
smart windows and optical gas sensors. The structure of these devices is relatively simple. It 
generally consists of three layers. The bottom layer is normally a transparent substrate (quartz 
and glass are the two most popular choices), while the middle and top layers consist of a layer 
of GC material and a few nanometer thick catalytic coating, respectively.[29-31] For the optical 
gas sensors, the bottom layer could be either a polymeric optical waveguide or a 
commercially available optical fiber. Sometimes these sensors need to be integrated with 
micro-heaters to enhance the absorption and desorption processes of gaseous species.[32-33] 
Similar to EC devices, three parameters are normally used to evaluate the GC device 
performances in the literature, which include cyclic stability, optical modulation and 
switching time. 
2.4 Transitional Metal Oxide based DSSCs  
 The generation of charge carriers in DSSCs is realized by light absorption of the dye 
(annotated with “S”) monolayer which is attached onto the photoanode semiconductor 
surface. After being irradiated by light, the dye molecules are on excited states (annotated 
with “S*”) and free electrons are generated from these excited dyes. At the same time, charge 
separation takes place via the photoanode as well as the electrolyte.[34] The generated 
electrons are “injected” to the CB of the photoanode semiconductor from the excited dyes.[34] 
The electron transport in the photoanode is mainly diffusion,[35] and electrons are eventually 
collected by the electrode. When the excited dye molecules inject electrons to the 
photoanode, they become oxidized with positive charges (annotated with “S+”). The original 
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state of the dye (annotated with “So”) is subsequently remediated by electron donation from 
the electrolyte, usually an organic solvent containing redox species, such as the 
iodide/triiodide couple.[34] The iodide is regenerated in turn by the reduction of triiodide at 
the counter electrode. In this process, oxidized dye molecules can be viewed as positive 
charges which are separated through the electrolyte.  Detailed illustration of these processes 
is shown in Figure 2.4. 
  
 
Figure 2.4. Energy band diagram of a typical DSSC with I-/I3- in the electrolyte under 
illumination.[48] 
 
DSSCs are typically formed by a sandwich structure, that the materials are fitted 
between two electrodes. Figure 2.5 depicts a standard structure of DSSC. The working 
electrode is usually made from transparent conductive oxide (TCO), such as fluorine doped 
tin oxide (FTO) and indium doped tin oxide (ITO) coated glass substrates. The working 
electrode can also be other conductors such as metal sheets. However, the cells have to be 
illuminated from the back side if non-transparent working electrode is used.[36] The 
photoanode layer is made of semiconductors and usually deposited on top of the working 
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electrode. The popular photoanode semiconductors are mainly transitional metal oxides 
including TiO2, ZnO, SnO2 and Nb2O5 (Their electronic band structures are shown in Figure 
2.6).[35, 37-40] The sensitizer is typically a monolayer of dye molecules anchored on the 
photoanode surface via carboxylate groups. The electrolyte is usually in liquid phase. 
Acetonitrile is normally used as the solvent of the electrolyte, and redox species such as 
iodide/triodide are added to it.[34] Solid phase electrolyte can also be implemented.[41] The 
materials used for counter electrode are similar to those used for working electrode. 
However, for achieving high efficiency, the counter electrode is usually coated with a few 
nanometer thick Pt as the catalyst to the electrolyte.[35]   
 
 
Figure 2.5. Typical device architecture of DSSCs.[48] 
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Figure 2.6. Energy band diagram of some transitional metal oxides.[49] 
 
Three parameters are normally used for evaluating performance of DSSCs, which 
include power conversion efficiency, incident photon-to-electron conversion efficiency 
(IPCE) and effective electron diffusion length.[37] The power conversion efficiency is 
calculated using the relation: 
t
OCSC
P
FFVJ ××
=η  (2.6) 
where JSC is the short-circuit current density, VOC is the open-circuit voltage, FF is the fill 
factor and Pt is the incident power density (standard testing condition = 100 mWcm-2). JSC 
greatly depends on the amount of the dye loaded on the photoanode surface.[42-43] The 
theoretical maximum VOC that a DSSC could deliver is determined by the difference between 
the redox potential of the redox species and the quasi-Fermi level of the electrons in the 
semiconductor.[35] The FF is reduced by the total series resistance of the cell, which includes 
the sheet resistance of the working and counter electrodes, electron transport resistance 
through the photoanode, ion transport resistance, and the charge-transfer resistance at the 
counter electrode.[42-43] 
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 The IPCE is given by the following equation:  
 CINJLHIPCE ηηη ××=%  (2.7) 
where ηLH is the light harvesting efficiency at a given wavelength, ηINJ is the electron injection 
efficiency and ηC is the charge collection efficiency. Following each step of conversion, ηLH is 
associated with the ability of the dye in absorbing photons.[42-43] ηINJ quantifies the charge 
transfer from the lowest unoccupied molecular orbital (LUMO) of dye molecule to the CB of 
metal oxide.[42-43] Finally, ηC is determined by the amount of electrons that effectively reach 
the anode, avoiding recombination.[42-43] It should be noted that IPCE measurements need to 
be performed under the short circuit condition, where electron lifetime is higher.  
The effective electron diffusion length is also a key parameter in the DSSC 
performances and can be calculated by the following equation:[44] 
 Ln= (Deτr)1/2  (2.8) 
where De is the free electron diffusion coefficient and τr is the free electron lifetime. De can 
be obtained by either extracting the intensity-modulated photocurrent spectroscopy (IMPS) or 
electrochemical impedance spectroscopy (EIS) spectra of the DSSC.[37] τr can also be 
determined by extracting spectra obtained from the complementary transient absorption 
spectroscopy, intensity-modulated photovoltage spectroscopy (IMVS) or EIS of the DSSC.[37] 
The value of Ln should be considerably larger than the thickness of photoanode material to 
enable the DSSC to obtain a large power conversion efficiency.[22] 
 DSSCs can have a maximum theoretical conversion efficiency of ~31%.[37] In 2001, 
Gratzel’s group reported η of ~11.04% using N3 dye, TiO2 particles with the dimensions of 
20 nm, and guanidine thiocyanate electrolyte.[45] In 2011, the same group increased this 
efficiency to ~12.3% using the zinc porphyrin dye and the Co tris(bipyridyl) electrolyte.[46] 
However, these values are still lower than 15% value which justifies commercialization.  
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 The conversion efficiencies of the DSSCs depend on a number of rate limiting factors. 
In the view of photoanode materials, the utilization of TiO2 nanoparticles increases the 
random diffusion of electrons in the photoanode, which leads to a higher likelihood of 
electron entrapment.[47] In addition, the increase in grain boundary density between 
nanoparticles gives rise to defect states in the bandgap that perform as trap centers for the free 
electrons.[42] Hence, these effects can largely degrade the electron transport and 
recombination kinetics and are suggested to be the main reasons for causing low conversion 
efficiencies of DSSCs. 
 
2.5 Why Nanostructured WO3? 
 Long term stability is one of the key prerequisites for all the commercially variable 
devices. It is important to note that the acidic electrolytes applied in EC devices, the reducing 
gases utilized in GC devices, as well as the existence of iodine species in the electrolytes of 
DSSCs, all are the causes to the corrosion of the transitional metal oxide layers. Hence, 
transitional metal oxides with good chemical stabilities and excellent corrosion resistances 
are highly preferable. Crystalline WO3 can be one of the suitable candidates as it is an inert 
material. It has been found that crystalline WO3 films, under strong acidic environment 
(glycerin-H2SO4 10:1), have very slow dissolution rate of 18 Å per day at room 
temperature.[50] 
 In addition to its impressive chemical stability, WO3 is a wide bandgap (~2.6 eV in 
bulk form) n-type semiconductor.[1, 40] WO3 forms a network of WO6 octahedra in which the 
actual phase depends on slight tilts of these octahedral around the centre W atoms as well as 
small changes in the bond lengths with reference to the “ideal” cubic structure (ReO3 
type).[51] Based on these small differences, the following six crystal phases can be identified: 
monoclinic II (ε-WO3), triclinic (δ-WO3), monoclinic I (γ-WO3), orthorhombic (β-WO3), 
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tetragonal (α-WO3) and cubic WO3. Amongst these crystal phases, cubic WO3 is not 
commonly observed experimentally.[51] Like other metal oxides, WO3 crystal phase 
transitions can take place during annealing and cooling. It has been widely reported that for 
WO3, in bulk form, phase transformation occurs in the following sequence: monoclinic II (ε-
WO3, <−43 °C) →triclinic (δ-WO3, −43 °C to 17 °C) →monoclinic I (γ-WO3, 17 °C to 
330 °C) →orthorhombic (β-WO3, 330 °C to 740 °C) →tetragonal (α-WO3, >740 °C).[52-53] 
 In addition to the aforementioned crystal phases, another possible stable phase for 
WO3 is hexagonal (h-WO3). Observation of this phase was first reported by Gerand in 
1980’s,[54] and was originally obtained from the slow dehydration of tungstite. Figure 2.7 
presents a diagram of the crystal structure of h-WO3. The crystal is again formed from WO6 
octahedra, but with the form of three- and six- membered rings in the a-b plane. These three- 
and six- membered rings result in the appearance of trigonal cavities and hexagonal windows, 
respectively. In the c-axis, these octahedra stack by sharing the axial oxygen and form four-
coordinated square windows.[55] However, this hexagonal crystal phase is metastable, which 
is reported to be transformed to monoclinic structure when annealed at temperatures 
exceeding 400 °C. The lattice constants reported for h-WO3 are a = 7.298 Å and c = 
3.899 Å.[54] 
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Figure 2.7. (a) The structure of h-WO3 is shown with c axis perpendicular to the plane. (b) 
The structure of h-WO3 with c axis parallel to the plane.[55] 
 
 The electrical conductivity of single crystal WO3 ranges from 10 to 10−4 S cm−1 
depending on the stoichiometry, grain size, grain boundary, film thickness, and crystal 
phase.[56-57] In addition, WO3 is well-known for its strong capability of accommodating 
positive ions and hence it has been widely studied as one of the most promising EC and GC 
inorganic materials since 1970’s.[58] 
 Nanostructured WO3 films with high degrees of structural continuity can improve 
their surface-to-volume ratios, allowing more surface area available for reactions, hence 
producing enhanced device efficiencies in comparison to their compact grain counterparts.[59] 
Advantageously, the well-aligned and continuous structures enhance species diffusion within 
the materials.[60] Furthermore, the dimensions of naostructures are comparable to the Deby 
length, which greatly improves the device response time.[61] 
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2.5.1 Electrochromic and Gasochromic Devices based on Nanostructured 
WO3 
 The electrochromism of nanostructured WO3 can be quite different from its bulk 
counterparts. The PhD candidate’s group has recently shown that thin tungstite platelets in 
the order of several unit cells, greatly enhance the propensity for Li+ intercalation as 
compared to that of thick WO3 films.[62] However, the effect of morphology should be 
considered with care, as it has been reported that high surface irregularities and the effect of 
the size of nanostructured WO3 might conversely suppress the optical modulation during 
electrochromic reactions.[63]  
 Chen et al.[63] studied the EC properties and relative near infrared (NIR) absorption 
mechanism of thermally evaporated WO3 nanowire films with an average diameter of 50-
200 nm. They found that the colored film had a relatively high transmittance compared to 
bulk material in the wavelength range higher than 800 nm. In addition, an extra absorption 
band (when compared to bulk WO3), which was fit to cation (positive ion)-polaron absorption, 
was found in the NIR region. The appearance of this band suggested the existence of the 
interactions between inserted cations and compensating electrons which remain spatially 
separated forming a polaron and modify host lattice vibration energies. 
 EC coloration efficiency and switching times are often observed to have a strong 
dependency on surface morphology.[64] Hence, to develop optimum WO3 nanostructures as 
the EC layers can be an effective alternative to overcome the drawbacks of crystalline WO3 
based EC smart windows mentioned in Section 2.2. Various crystalline WO3 nanostructures 
have been extensively investigated as possible solutions. The details are summarized in Table 
2.1.  
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Table 2.1. Summary of nanostructured WO3 based EC devices featuring their typical 
performance data. 
Crystal phase Surface morphology Optical 
modulation 
Charge 
density 
(mC·cm-2) 
Coloration 
efficiency 
(cm2· m C-1) 
Color/ 
Bleach time 
(s) 
H+ containing-electrolyte 
Monoclinic  
[59]
 
Mesopores with the pore 
size of 70 nm 
60% N/A N/A 2.8 9.5 
Orthorhombic  
[65]
 
Mesopores with the pore 
size of 50 nm 
40% N/A N/A 10 >25s 
Orthorhombic 
[66]
 
Mesopores with the pore 
size of 100 nm 
50% N/A 58 8 8.1 
Hexagonal  
[67]
 
Mesopores with the pore 
size of 3-5 nm 
N/A N/A 49 11 2 
Hexagonal  
[68]
 
Nanorods with diameter of 
100 nm and length of 2 µm 
34% 114.5/mg 37.6 25 18 
Monoclinic 
[11]
 
Nanospheroids (diameter 
of 10-20 nm) mixed with 
Nanorods (40-60 nm) 
N/A 32/mg 42 N/A N/A 
Li+ containing-electrolyte 
Monoclinic  
[69]
 
Nanowires with diameter 
of 40-60 nm and length of 
5 µm 
65% N/A 61.3 3 1.5 
Monoclinic 
[70]
 
Nanowires with diameter 
of 60-70 nm 
65% N/A 56 1 4.2 
Triclinic  
[71]
 
Mesopores with the pore 
size of 50-100 nm 
50% N/A N/A 55 30 
Monoclinic 
[72]
 
Mesopores with the pore 
size of 7 nm 
85% N/A 64 N/A N/A 
Monoclinic 
[73]
 
Mesopores 85% N/A N/A N/A N/A 
Hexagonal  
[74]
 
Nanorods with diameter of 
100 nm and length of 2 µm 
66% 133/mg N/A 38 42 
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Hexagonal  
[19]
 
Nanowires with diameter 
of 20 nm and length of 
2 µm 
58% N/A 102.8 7.6 4.2 
Hexagonal  
[18]
 
Nanotrees with diameter of 
100 nm and length of 2 µm 
30% N/A 43.6 N/A N/A 
 
 Although they have demonstrated significant improvements in one or more aspects of 
their EC performances, their coloration efficiencies are still significantly lower than the 
current state of the art amorphous technologies. In addition, among the aforementioned 
nanostructures, the nanowire based film yields the highest coloration efficiencies 
(102.8 cm2 C-1) but has relatively low transparency of up to 70%  in the bleached state, which 
may not be sufficient for applicable EC devices.[19] Furthermore, it is observed that 
nanostructured h-WO3 based devices have superior charge densities when compared to 
triclinic, monoclinic and orthorhombic WO3.[55] This can be due to its unique hexagonal rings 
and trigonal cavities of h-WO3, which provide more available sites for positive ions 
intercalation.  
Similar to the EC properties of nanostructured WO3 films, the GC properties in 
nanostructured WO3 are expected to be different from their bulk counterparts. Luo et al.[22] 
conducted Raman spectroscopic studies on gasochromism of monoclinic WO3 nanowires to 
prove the coexistence of oxygen vacancies together with water molecules on the nanowires 
after exposure to pure H2 gas. Based on their observations, they proposed a modified 
mechanism for H2 gas interaction with low dimensional WO3, which was similar to the 
“generation of oxygen vacancies” model but described the coloration process without the 
presence of oxygen vacancy diffusion.    
Chen et al.[75] fabricated the GC windows based on thermally evaporated WO3 
nanowires with a thin Pt layer as a catalyst and obtained up to 50% optical modulation after 
the exposure of pure H2 gas. Its induced optical modulation was found to be almost two times 
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larger than those of GC windows based on bulk WO3 systems.[75] Unfortunately, there is no 
information regarding the coloration-bleaching kinetics of such nanowires in the literature. 
Li et al.[76] reported that the GC switching times of sol-gel prepared Pd/WO3 mesoporous 
films were typically around 1 min. This might not be variable for commercial applications. 
As the result, they replaced the WO3 mesopores with nanoporous WO3 – SiO2 composite 
films and obtained the GC switching times as short as 5 s. Surprisingly, the GC performances 
of these composite films were not significantly degraded after continuous 120 coloration-
bleaching cycles.[76] 
 The literature regarding the development of nanostructured WO3 based optical gas 
sensors is very limited. Most of the attentions have so far been only focused in H2 gas sensing 
while employing conventional RF-sputtered nanotextured WO3 films as the targeted 
material.[29-30, 32-33, 77] Yang et al.[33] fabricated a RF-sputtered Pd/WO3 based fiber optic H2 
gas sensor. However, it only responded to high H2 gas concentrations (>0.5%) and the 
response magnitudes (optical modulation) were very small, which only induced 5% and 7% 
change towards 0.5 % and 3% H2 gas in N2 gas environment, respectively. Recently, the PhD 
candidate’s group demonstrated that the response magnitudes of such optical gas sensors 
could be improved as large as 100% in the presence of 1% H2 gas in synthetic air 
environment by employing a 2.4 µm thick RF-sputtered Pt/WO3 film as the GC layer.[31] This 
confirms that the increase of surface interactive area of the GC layer is an effective 
alternative to improve the response magnitudes of the optical gas sensors.[31]  
 
2.5.2 DSSCs based on nanostructured WO3 
  Although WO3 is suggested as a suitable alternative photoanode material for 
replacing TiO2 due to their comparable electronic properties,[78] few reports on WO3 based 
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DSSCs exist. Figure 2.8 depicts a typical energy state diagram for a WO3 based DSSC, and 
TiO2 is shown as a reference. As can be seen, the CB edge position of WO3 is generally more 
positive than TiO2 and it is reported to be in the region of 0 V relative to normal hydrogen 
electrode (NHE).[79] This position is below the excited state of dye and above the redox 
potential of electrolyte, thus capable of producing useful VOC. Since it is widely accepted that 
the VOC was regulated by the difference of the metal oxide Fermi level and the redox potential 
of the electrolyte (~-0.4V vs NHE for I-/I3-), thus the VOC of the WO3 based DSSC could be 
on the order of 400 mV. 
  
 
Figure 2.8. Energy states diagram for a WO3 based DSSC featuring the operation principle. 
The dashed line shows the electron transfer route for the TiO2 coated WO3 based DSSC.[40] 
 
Zheng et al.[40] presented the first detailed investigation of nanoparticle WO3 based 
DSSCs. The open-circuit voltage (VOC = 390 mV), short-circuit current density (JSC = 
4.6 mA cm−2) and efficiency (η = 0.75%) obtained were still not comparable to those of TiO2 
based DSSCs. They ascribed these to the unfavorable CB position of WO3 which limited the 
VOC, along with the very acidic surface of WO3 which reduced dye adsorption, leading to 
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severe charge recombination. However, covering the WO3 surface with a layer of TiO2 can 
improve the overall performance of the cell with η reaching 1.46%. This value was still 
significantly lower than those of TiO2 nanoparticles based DSSCs (~12.3%). As the result, 
the PhD candidate suggests that WO3 may not be a suitable photoanode material for highly 
efficient DSSCs and hence will not pursue to develop nanostructured WO3 based DSSCs. 
 
2.6 Why Nanostructured MoO3? 
 Crystalline MoO3 is also an inert transitional metal oxide with very similar properties 
to WO3.[80] There are two most common crystal phases in MoO3 which include α-MoO3 
(orthorhombic structure) and metastable β-MoO3 (monoclinic structure).[81-82] These two 
phases have very different physical and chemical properties such as refractive indices, 
bandgap energies, and mechanical hardness. It has been recently demonstrated that α-MoO3 
with tertiary large layers (up to several micrometers) are formed from the stacking of 
secondary layers with average thickness of several tens of nanometers.[80] Additionally, each 
of these secondary layers consists of a few double-layers (~1.4 nm thick each) of linked 
distorted MoO6 octahedra. In each double-layer, MoO6 octahedra form edge-sharing zigzag 
rows along the [001] direction and corner sharing rows along the [100] direction. The 
adjacent layers along [010] are linked only by weak van der Waals forces to make the 
lamellar formation, while the internal interactions between atoms within the double-layers are 
dominated by strong ionic and covalent bondings. Detailed illustration can be seen in 
Figures 2.9 (a) and (b). The MoO6 octahedra that form the β-MoO3 structure do not exist in 
zigzag rows along the [001] plane and do not form double layers like α-MoO3.[83] There are 
no van der Waal forces, because adjacent MoO6 octahedra share corners in three dimensions 
to produce a monoclinic structure.[83] In addition to these two common crystal phases, another 
possible crystal phase for MoO3 is hexagonal (h-MoO3), which is constructed of the zigzag 
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chains of MoO6 octahedra as the building blocks but interlinked through the cis-position, 
giving a hexagonal crystalline structure with large one-dimensional tunnels. This is shown in 
Figures 2.9 (c) and (d).[84] 
 The electrical conductivity of crystalline MoO3 is similar to that of WO3, ranging 
from 10-3 to 10−4 S cm−1.[85] The chromic response of MoO3 is reported to have a stronger and 
more uniform absorption of light in its colored state (molybdenum bronze) and a better open-
circuit memory than the majority of transition metal oxides.[84, 86] Moreover, MoO3 shows 
great apparent coloration efficiencies since molybdenum bronze is more recognizable for 
human visual perception.[84, 87]  
 
 
Figure 2.9. Representations of (a, b) orthorhombic α-MoO3 and (c, d) hexagonal h-MoO3 
crystalline structures.[84] 
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2.6.1 Electrochromic and Gasochromic Devices based on Nanostructured 
MoO3 
Despite the theoretical advantages of MoO3, there are only a few literatures reporting 
the EC or GC properties of nanostructured MoO3. They are summarized in Table 2.2. It is 
found that their EC and GC performances are not desirable as those of reported WO3 
nanostructures. In particular, the best coloration efficiency obtained by MoO3 nanostructures 
is only up to 46.2 cm2 C-1, which is half of that obtained by WO3 nanowires (102.8 cm2 C-1).  
  
Table 2.2. Summary of nanostructured MoO3 based EC and GC devices featuring their 
typical performance data 
Crystal phase Surface morphology Optical 
modulation 
Coloration 
efficiency 
(cm2· m C-1) 
Color/ 
Bleach time 
(s) 
EC devices 
Orthorhombic  
[88]
 
Aggregated nano-platelets with the 
dimension of 50 nm 
65% 46.2 N/A N/A 
Orthorhombic 
[89]
 
Nanobelts with the thickness of ~300 nm 70% 25.5 N/A N/A 
Hexagonal  
[84]
 
Nanobelts with dimensions of 20-30 nm 35% N/A N/A N/A 
Orthorhombic 
[90]
 
Agglomerate cluster-like structures  16% 24.1 N/A N/A 
GC devices 
Orthorhombic 
[83]
 
Thin films with partial mesoporous 
appearance 
30% N/A N/A N/A 
Orthorhombic 
[91]
 
Nano-platelets with dimensions of 
100 nm 
Less than 
10% 
N/A 150 300 
 
 The PhD candidate believes that the limited active surface area in the aforementioned 
MoO3 nanostructures is the main cause to their weak chromic performances. The potential of 
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MoO3 hence had yet been fully unlocked. Due to the nature of α-MoO3 layered structure, it is 
potentially difficult to fabricate nanostructures with high aspect ratios / surface-to-volume 
ratios (e.g. vertically aligned nanowire or nanoporous networks).[92] Instead, MoO3 has a 
strong tendency to form low dimensional nanostructures such as nano-platelets and 
nanobelts.[92] 
 
2.6.2 DSSCs based on Nanostructured MoO3 
The electronic band structure of MoO3 is reported to be similar to WO3. According to 
Figure 2.10, the bandgap of MoO3 is narrower and the CB edge position is lower than those 
of TiO2.[49] As such, there is currently no literature regarding DSSCs based on nanostructured 
MoO3. The PhD candidate suggests that MoO3 may not be a suitable photoanode material for 
viable DSSCs due to its unfavorable electronic band structure, which theoretically results in 
low VOC, and hence will not pursue to develop nanostructured MoO3 based DSSCs. 
 
 
Figure 2.10. Energy states diagram of MoO3 and TiO2 based DSSCs featuring their operation 
principle, in which CS, CE, CB, VB VAC and NHE stand for “conductive substrate”, 
“counter electrode”, “conduction band”, “valence band”, “vacuum” and “normal hydrogen 
electrode”, respectively.[49] 
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2.7 Why Nanostructured Nb2O5? 
 Crystalline Nb2O5 is another n-type transitional metal oxide with excellent chemical 
stability, which is corrosion resistive in both acidic and basic media.[93] Similar to WO3, 
crystalline Nb2O5 forms a network of edge-sharing NbO6 octahedra.[94] Based on different 
tilting angles and Nb-O bond lengths of these octahedral, the crystal structures of Nb2O5 can 
be commonly classified into four common phases, which include H-Nb2O5 
(pseudohexagonal), O-Nb2O5 (orthorhombic), T-Nb2O5 (tetragonal), and M-Nb2O5 
(monoclinic).[95] Among these phases, the M phase is thermodynamically more stable, 
whereas the H phase is the least stable one and can be readily transformed into the M phase 
by appropriate heat treatment.[95] The transformation of these crystal phases occurs in the 
following sequence: H-Nb2O5 (< 600 °C) → O-Nb2O5 (< 800 °C) → T-Nb2O5 (~800 °C to 
950 °C) → M-Nb2O5 (>950 °C).[96] It is important to note that the H-Nb2O5 phase, indexed as 
pseudohexagonal, is generally recognized as the modification of the O-Nb2O5 phase as it 
presents a lower crystallinity and is probably stabilized by impurities such as OH-, Cl- or 
oxygen vacancies.[97] 
 The crystalline Nb2O5 has low electrical conductivities of ~10−6 S cm−1,[96] which is at 
least two-order lower than those of MoO3 and WO3. Nb2O5 has been studied as a traditional 
EC material since 1980s.[96] and it is found to have impressive coloration-bleaching kinetics 
(in the range of less than 10 s). However, this advantage is compensated by its reduced 
coloration efficiencies (~6 cm2 C-1).[98] In addition, Nb2O5 is a popular photoanode material 
for DSSCs and it has been demonstrated to be capable to produce higher VOC than those 
obtained by other transitional metal oxides (e.g. TiO2, ZnO and SnO2) under similar 
configurations.[37, 99] 
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2.7.1 Electrochromic and Gasochromic Devices based on Nanostructured 
Nb2O5 
 Utilization of Nb2O5 nanostructures as the EC layer is believed to be one of the 
logical approaches to improve their EC coloration efficiencies. The EC performances of 
various nanostructured Nb2O5 films are summarized in Table 2.3. There is currently no 
literature regarding the nanostructured Nb2O5 based GC devices.  
 Although the nanostructured Nb2O5 show enhanced coloration efficiencies as 
compared to their compact counterpart (~6 cm2 C-1), their maximum reported coloration 
efficiency is only approximately 22.5 cm2 C-1, which is far less than those of the crystalline 
nanostructured WO3 systems.[100] This can be mainly due to their limited active surface areas, 
low electrical conductivities and small capabilities of accommodating intercalated positive 
ions. As such, the PhD candidate suggests that Nb2O5 may not also be a suitable chromic 
material for the development of high performance chromic devices and hence will not pursue 
to develop nanostructured Nb2O5 based EC and GC devices.  
 
Table 2.3. Summary of nanostructured Nb2O5 based EC devices featuring their typical 
performance data 
Crystal phase Surface morphology Optical 
modulation 
Coloration 
efficiency 
(cm2· m C-1) 
Color/ 
Bleach time 
(s) 
Monoclinic  
[101] 
Disorder nanoparticles with the 
thickness of 500 nm 
15% 13 3.7 4.7 
Orthorhombic 
 
[100]
 
Nanofiber networks with the thickness 
of ~300 nm 
40% 25.5 10 6 
Pseudohexagonal 
[96]
 
Nanotextured films with the thickness 
of ~300 nm 
60% 22 N/A N/A 
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2.7.2 DSSCs based on Nanostructured Nb2O5 
 In searching for a better solution for developing highly efficient DSSCs, Nb2O5 is a 
more suitable candidate than TiO2 and other semiconductors [38, 40] in view of its wider 
bandgap and higher CB edge (as presented in Figure 2.11),[95, 99] comparable electron 
injection efficiency [93, 102] as well as better chemical stability.[37] In particular, better chemical 
stability of Nb2O5 can result in less dye agglomerates formation on the oxide surfaces as well 
as the reduction in the embedded structural impurities during the nanostructure fabrication 
processes, which can potentially enhance the electron transfer and recombination kinetics. 
  
 
Figure 2.11. Energy states diagram of Nb2O5 and TiO2 based DSSCs featuring their 
operation principle. [49] 
 
 Various crystalline Nb2O5 nanostructures, such as nanoparticles,[99] nanoforest,[103] 
nanobelts,[104] and nanofiber networks,[95] have been studied as the alternative photoanode 
materials. Nevertheless, their maximum reported power conversion efficiency is only up to 
~4%, which has not reached those of TiO2 based DSSCs (12.3%) despite the theoretical 
advantages. This degradation can be ascribed to the reduction in the dye loading sites of the 
developed Nb2O5 nanostructures.[95, 99, 104] It has been suggested that the large unit cell 
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dimension of orthorhombic Nb2O5 (O-Nb2O5, the most commonly seen crystal structure at 
room temperature), in comparison to anatase TiO2, makes it a challenging task to obtain the 
optimum Nb2O5 morphology for highly efficient DSSCs.[37] 
 
2.8 Chapter Summary and Conclusion 
 The PhD candidate conducted a literature review on transitional metal oxide based EC 
smart windows, GC devices as well as DSSCs. In addition, the PhD candidate presented 
fundamental properties of three selected inert transitional metal oxides (WO3, MoO3 and 
Nb2O5) and their developed nanostructures which have been utilized for improving the 
performances of the aforementioned devices. The PhD candidate found that WO3 and MoO3 
were suitable candidates for the development of high performance EC and GC devices, while 
Nb2O5 was an ideal candidate for highly efficient DSSCs. However, the performances of the 
devices based on these nanostructures were below the requirements for commercialization. 
This presented great opportunities for exploring the optimum nanostructures of the selected 
transitional metal oxides for improving the device performances to match with their 
commercialization standards.  
 The outcome of the chapter was mostly contributed to some of the PhD candidate’s 
journal papers, including “The Anodized Crystalline WO3 Nanoporous Networks with 
Enhanced Electrochromic Properties” that was published in the journal of Nanoscale;[105] 
“Elevated Temperature Anodized Nb2O5 – A Photoanode Material with Exceptionally Large 
Photoconversion Efficiencies” that was published in the journal of ACS Nano;[106] “In-situ 
Raman Spectroscopy of H2 Gas Interaction with Layered MoO3” which was published in the 
Journal of Physical Chemistry C;[107] “In-situ Raman Spectroscopy of H2 Interaction with 
WO3 Films” that was published in the journal of Physical Chemistry Chemical Physics;[108] 
“Nanostructured Tungsten Oxide – Properties, Synthesis and Applications” which was 
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published in the Advanced Functional Materials (It was also the 5th most downloaded paper 
of this journal in 2011).[1] 
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In-situ Raman Spectroscopy of Nanostructured 
WO3 Gasochromism 
 
 
3.1 Introduction  
In Chapter 2, the PhD candidate showed that there were two most commonly used 
mechanisms in literature for describing WO3 gasochromism, which included “generation of 
oxygen vacancies” [1] (model 1) and “double injection of ions” [2] (model 2), despite the fact 
that they both ascribed the cause of the coloration of WO3 films to the W valence state 
transition from 6+ to 5+. As the gasochromism mainly concerns with the interaction between 
H2 gas and the metal oxides film in this thesis, the PhD candidate finds that oxygen vacancies 
and water molecules are formed in the WO3 surface after the reaction with H2 gas according 
to model 1, while HxWO3 (hydrogen tungsten bronze) is suggested to be formed according to 
model 2. The PhD candidate hence believes that the investigating the composition of the final 
products after the interaction with H2 gas by using spectroscopic and diffraction techniques 
can reveal the actual model of nanostructured WO3 gasochromism.[3-6] 
Raman spectroscopy provides a simple and promising way to investigate 
gasochromism of metal oxides.[2, 4, 7] However, the current investigations are limited to room 
temperature and pure H2 gas studies, and only a few of them are conducted in-situ. In this 
chapter, the PhD candidate investigates the presence of hydrogen intercalation, water 
molecules formation and the degree of oxygen deficiency, after the H2 gas interaction with 
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nanostructured WO3 (Deposition and characterization details are shown in Section 3.2 and 
3.3. respectively) as a function of operating temperature (as presented in Section 3.4) and 
WO3 crystallinity (as presented in Section 3.6). A model for gasochromism of nanostructured 
WO3 is also proposed based on the in-situ Raman spectroscopic results and it is presented in 
Section 3.5. 
 
3.2 Experimental Setup 
 The WO3 films were deposited using a RF sputtering system. A cathode W target of 
99.95% purity was placed at a distance of 65 mm from the samples and the base pressure of 
the sputtering chamber reached 10-5 Torr prior to deposition. An oxygen (90%) and argon 
(10%) gas mixture was used during the reactive sputtering, and the chamber pressure was 
raised to 2 × 10-2 Torr during the deposition. A constant 80 W RF power was applied to the 
system and the substrates’ temperature was kept at 260 °C during the process. The sputtering 
was carried out for 6 hr, which resulted in samples with WO3 films of approximately 2.4 µm 
thick. Such a film thickness was required to obtain strong signals for the in-situ Raman 
spectra measurements. The substrates were commercial UV transparent silica wafers. After 
the deposition, the samples were annealed at 300, 400 and 500 °C in air for 120 min with a 
ramp up/down rate of 2 °C/min. Annealing at higher temperatures was not possible as the 
films delaminated from the substrate. Followings this annealing step, Pd layers of 
approximately 25Å thicknesses were formed onto the as-deposited and annealed samples by 
DC sputtering.  
 The resulting films were characterized using the following equipments: Bruker D8 for 
X-ray diffraction (XRD) measurements; Raman measurements were performed using a 
system incorporating an Ocean Optics QE 6500 spectrometer, a 532 nm 40 mW laser as the 
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excitation source and a notch filter utilized to prevent signals below 100 cm-1. The in-situ 
Raman spectra measurements were performed, while the system was attached to a computer 
controlled mass flow controllers regulating flow at 200 sccm into a customized gas testing 
chamber fitted with a localized heater. The heater was utilized to increase the substrate 
temperature to 60, 100 and 140 °C.  
 The expressions: “air initial”, “H2 exposure” and “air recovery” in this text were used 
to describe the processes of exposing the samples to “synthetic air (with humidity less than 
5%) for 30 min”, “1% H2 gas in synthetic air for 10 min” and “synthetic air for 30 min after 
the H2 gas exposure”, respectively. The Raman spectra were recorded at the end of each of 
these processes. 
  
3.3 Structural Characterization of Nanotextured WO3 Films  
 The XRD patterns in Figure 3.1 indicated that the as-deposited WO3 sample was in 
agreement with predominantly to monoclinic WO3 (ICDD 75-2072), with minor 
contributions from orthorhombic WO3 hydrate (ICDD 87-1203) and orthorhombic WO3 
(ICDD 71-0131). After annealing at 300 °C in air, monoclinic WO3 was still retained as the 
dominant phase of the sample; however, more orthorhombic WO3 peaks appeared. After 
annealing at 400 °C, the WO3 hydrate peak disappeared. In addition, a small hexagonal WO3              
(ICDD 85-2460) peak appeared. Following annealing at 500 °C, the intensities of monoclinic 
WO3 peaks decreased and orthorhombic WO3 peaks intensified. The other small peaks were 
assigned to tetragonal WO3 (ICDD 89-1287). 
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Figure 3.1. XRD patterns of as-deposited and annealed WO3 samples. 
 
 Room temperature Raman spectra of the RF-sputtered WO3 films prepared at 
different annealing temperatures were presented in Figure 3.2 (a). As can be seen, the 1st, 2nd 
and 3rd Raman peaks shifted to higher wavenumber and the Raman peak intensities increased 
after annealing at higher temperatures. These both suggested the formation of more 
symmetrical crystal structures.[8-9] The 4th peak, which was assigned to terminal W6+=O bond 
vibration mode, disappeared when the annealing temperature exceeded 400 °C. This 
indicated that the water content in the initial films, which was likely due to the effect of the 
ambient moisture,[10] was greatly reduced after annealing at 400 °C. Gaussian curve fitting 
results for the aforementioned Raman spectra were presented in Figure 3.2 (b). For the as-
deposited sample, hydrous WO3·⅓H2O phase (158, 193, 252, 314, 679, 796 and 945 cm-1) 
mixed with monoclinic WO3 phase (425 cm-1) were easily identified.[8, 11-12] When the 
sample was annealed at 300 °C, the original hydrous peaks at 193, 252 and 796 cm-1 were 
shifted to 184, 240 and 801 cm-1, respectively. This suggested that the initial hydrous 
structure was partially transformed to monoclinic structure after the thermal treatment.[13] At 
the same time, additional monoclinic peaks appeared at 271 and 712 cm-1 with the shoulders 
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located at 633, 771 and 823 cm-1, which further supported the above mentioned suggestion. 
Thermal treatment of the sample at 400 °C resulted in no obvious change in the WO3 Raman 
spectrum compared to that of the sample annealed at 300 °C. Following annealing at 500 °C, 
hexagonal WO3 phases became more distinguished as new peaks appeared at 674 cm-1 and 
806 cm-1. Consequently, the peaks at 154 and 317 cm-1 should be appointed to hexagonal 
WO3 rather than WO3·⅓H2O phase which had very similar peak locations. 
 
 
Figure 3.2. Raman spectra of (a) as-deposited and annealed samples and (b) corresponding 
Gaussian curve fitting results at room temperature. 
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3.4 In-situ Raman Spectroscopy of WO3 Gasochromism as a Function of 
Operating Temperature 
 Figure 3.3 showed the in-situ Raman spectra of the “as-deposited” sample at the 
operating temperatures of (a) 20, (b) 60, (c) 100 and (d) 140 °C. The maximum temperature 
was kept at 140 °C as the optical response was dramatically deteriorated after this operating 
temperature. After the exposure of H2 gas, the most notable changes were observed for the 
intensities of 1st and 4th Raman peaks (both assigned to δ (O-W-O) bending modes) and 2nd 
and 3rd Raman peaks (both assigned to v (O-W-O) stretching modes) as well as the relative 
intensities of 1st and 2nd Raman peak. Hence, investigating these changes was of great interest 
in this chapter.  
 
 
Figure 3.3. In-situ Raman spectra of as-deposited sample before H2 gas exposure (blue line), 
during H2 gas exposure (red line) and after air exposure (green line) at the operating 
temperature of (a) 20, (b) 60, (c) 100 and (d) 140 °C. 
 
 For samples maintained at 20, 60 and 100 °C after the H2 gas exposure, the intensities 
of all the indicated peaks decreased. Additionally, the H2 gas interaction also caused the 
intensity of 2nd Raman peak to be reduced to an intensity which was smaller than 1st Raman 
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peak. These two observations both suggested the formation of water molecules in the WO3 
film surface. Interestingly, it was also observed that the intensity of terminal (W=O) bond 
vibration decreased after H2 gas exposure, which indicated the formation of sub-
stoichiometric WO3.[14] It can be seen that the Raman spectrum did not fully regain its initial 
pattern after air recovery at 20 °C, which indicated water molecules were not completely 
desorbed from the surface of the film.  
 The curve fitting results for 20, 60 and 100 °C were shown in Figures 3.4 and 3.5 (a), 
(b) and (c). An additional monoclinic WO3 peak appeared at 273 cm-1 and the original 
hydrous peaks at 255 cm-1 was shifted to 237 cm-1 when the sample was heated to 100 °C. All 
of these curve fitting results showed that there were two new peaks at ~331 cm-1 (459 cm-1 at 
the operating temperature of 100 °C) and ~656 cm-1 after H2 gas exposure, which can be 
assigned to v (O-W5+-O) [2] and WO3· H2O v (O-W-O) [7-8] stretching modes, respectively. 
This suggested that the surface oxygen vacancies were created together with the increase of 
hydration level of the film, which was in agreement with the conclusion made by Luo et al.[7]. 
It was also important to note that a additional peak, assigned to WO3· H2O v (W- OH2) 
stretching mode at 376 cm-1, appeared at the operating temperature of 60 °C after H2 gas 
exposure.[7] However, the hydrous peak at 656 cm-1 remained almost unaffected after air 
recovery at 20 °C, which further supported the previous conclusion of incomplete desorption 
of surface water. Peak shifts in the low wavenumber region of the spectra were started to be 
observed from the operating temperatures of 60 °C. At 60 °C, the peak assigned to lattice 
vibration modes shifted from 196 cm-1 back to 188 cm-1, and another peak, assigned to δ (O-
W-O) bending mode, moved from 251 cm-1 back to 244 cm-1. Whilst at 100 °C, the δ (O-W-
O) bending mode peak at 305 cm-1 showed a blue shift back to 298 cm-1. When the operating 
temperature increased to 140 °C, the 4th peak increased, suggesting the water content of the 
film was reduced (Figure 3.5 (d)). The curve fitting result also indicated that there was no 
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clear evidence of W6+ to W5+ transition but only showed a hydrous peak appears at 663 cm-1 
together with the peak shifted from 225 to 239 cm-1, and from 267 to 275 cm-1. Based on the 
above mentioned Raman spectra and curve fitting results, it can be concluded that the Raman 
intensity change of 1st  to 4th  peaks were directly affected by hydration level of the film after 
H2 gas exposure. As seen in Figure 3.6 (a), the hydration level of the as-deposited sample 
after H2 gas exposure maximized at 60 °C. However, it still showed significant hydration 
levels for other operating temperatures. 
 
 
Figure 3.4. Gaussian curve fitting of Raman spectra of as-deposited sample before H2 gas 
exposure (blue line), during H2 gas exposure (red line) and after air exposure (green line) at 
the operating temperature of (a) 20, (b) 60, (c) 100 and (d) 140 °C.   
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Figure 3.5. Detailed Gaussian curve fitting of Raman spectra of as-deposited sample during 
H2 gas exposure at the operating temperature of (a) 20, (b) 60, (c) 100 and (d) 140 °C. 
 
 
Figure 3.6. Raman spectra intensities change at 1st (blue line), 2nd (red line) and 3rd (green 
line) Raman peak of (a) as-deposited sample and samples annealed at (b) 300, (c) 400 and (d) 
500 °C after 1% H2 gas exposure.  
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3.5 The Proposed model for Nanostructured WO3 Gasochromism 
 The PhD candidate suggested the following model for the H2 gas interaction with as-
deposited sample at different operating temperatures. The Pd layer dissociated the H2 gas 
molecules into electrons and H+ ions, which were then transferred to the nearby WO3 grains 
surface. The absorbed H+ ions interacted with lattice oxygen of the WO3, forming surface 
water molecules. According to the conclusion made by He et al.[15], some of these surface 
water molecules were shifted from their original position due to the high energy of the 
impinged 532 nm Raman laser source (40 mW), which resulted in forming surface oxygen 
vacancies. At the same time, the continuous incoming dry air stream encouraged a portion of 
the generated water molecules to desorb from the surface, by virtue of equilibrating the 
system. In addition, the O atoms, which were generated by the dissociation of O2 from 
ambient air on the Pd layer, transferred to the WO3 grains surface and recombined with a 
number of the oxygen vacancies. The air recovery process helped to fully recombine the 
oxygen vacancies by O atoms at 20 °C but could not completely desorb water from the film 
surface. When the operating temperature increased to 60 °C, the surface water formation 
became faster than the oxygen vacancies generation, which resulted in the appearance of both 
v (W-OH2) and v (O-W5+ -O) vibration bonds. Higher operating temperatures also helped the 
water molecules desorb from the surface after the exposure of air. The increase of the 
operating temperature to 100 °C increased the rates of surface water and oxygen vacancy 
formations. However, at the same time, it also enhanced the process of surface water 
desorption and oxygen vacancies recombination. The further increase of the operating 
temperature to 140 °C significantly enhanced the rate of oxygen vacancies recombination 
which would become eventually comparable with the rate of oxygen vacancies formation. 
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3.6 In-situ Raman Spectroscopy of WO3 Gasochromism as a Function of 
WO3 Crystallinity 
 Figure 3.7 showed the in-situ Raman spectra of the “300 °C” sample when the 
operating temperatures were kept at (a) 20, (b) 60, (c) 100 and (d) 140 °C. Raman responses 
at 20, 60 and 100 °C were similar to the as-deposited sample after H2 gas exposure.  
 
 
Figure 3.7. In-situ Raman spectra of 300 °C annealed sample before H2 gas exposure (blue 
line), during H2 gas exposure (red line) and after air exposure (green line) at the operating 
temperature of (a) 20, (b) 60, (c) 100 and (d) 140 °C. 
 
 The corresponding curve fitting results in Figures 3.8 and 3.9 (a), (b) and (c) indicated 
that there were either new hydrous peaks appearing at around 660 cm-1 or blue shifts of 
hydrous peak which was occurred after H2 exposure. Additionally, the appearance of a new 
peak at 322 cm-1, which can be assigned to the bond vibration of (O−W5+−O),[2] showed the 
formation of surface oxygen vacancies at 60 °C. However, this peak disappeared after the 
operating temperature reached 100 °C and a peak, which can be assigned to WO3· H2O v (W-
OH2) stretching mode, appeared at 382 cm-1 instead. Similar to the as-deposited sample, peak 
shifts in low wavenumber region of Raman spectra can be observed at the operating 
temperature of 60 °C and above. When the operating temperature increased to 140 °C, the 
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overall Raman intensity change upon exposure to H2 gas was only 10%. The corresponding 
curve fitting result in Figure 3.9 (d) indicated that there was almost no change for any peaks. 
According to Figure 3.6 (b), sample at 60 °C also retained the highest hydration level after H2 
gas exposure. Increasing operating temperature to 140 °C reduced the surface water content, 
which resulted in significant degradation of the Raman response after H2 gas exposure. 
  
 
Figure 3.8. Gaussian curve fitting of Raman spectra of  300 °C annealed sample before H2 
gas exposure (blue line), during H2 gas exposure (red line) and after air exposure (green line) 
at the operating temperature of (a) 20, (b) 60, (c) 100 and (d) 140 °C.   
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Figure 3.9. Detailed Gaussian curve fitting of Raman spectra of 300 °C annealed sample 
during H2 gas exposure at the operating temperature of (a) 20, (b) 60, (c) 100 and (d) 140 °C. 
 
 As presented in Figure 3.1, the “300 °C” sample showed an increase in its 
orthorhombic WO3 phase based on its XRD pattern. At an operating temperature of 20 °C, 
the existence of such a small orthorhombic phase, and its enhanced symmetry, might reduce 
the possibility of H2 gas interaction on the surface of WO3 grains. Heating the sample to 
60 °C helped some of these water molecules to move from their original positions, forming 
oxygen vacancies. The increase of the operating temperature to 100 °C increased the 
formation rate of oxygen vacancies, making it comparable to the recombination rate, which 
eventually reduced the net number of the generated oxygen vacancies. When the operating 
temperature increased to 140 °C, the rate of the surface water desorption increased further 
and exceeded the rate of water formation, which resulted in a rapid decrease in the net 
number of formed surface water and oxygen vacancies. 
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 Figure 3.10 showed the in-situ Raman spectra of the “400 °C” sample at (a) 20, (b) 
60, (c) 100 and (d) 140 °C.  The intensity changes on specified Raman peaks was similar to 
the “300 °C” sample at operating temperatures above 60 °C after exposure to H2 gas. 
However, at the operating temperature as low as 20 °C, the change of Raman spectrum 
decreased, showing only 15% reduction for the 1st Raman peak and 25% drop for the 2nd and 
3rd Raman peaks. Corresponding curve fitting result in Figure 3.11 (a) also suggested that 
there was no obvious formation of hydrous peaks. Figure 3.6 (c) indicated that the sample at 
20 and 140 °C showed significantly less hydration than other operating temperatures and 60 
°C remained as the optimum operating temperature that induced the maximum hydration 
level upon the exposure to H2 gas. 
 
 
Figure 3.10. In-situ Raman spectra of 400 °C annealed sample before H2 gas exposure (blue 
line), during H2 gas exposure (red line) and after air exposure (green line) at the operating 
temperature of (a) 20, (b) 60, (c) 100 and (d) 140 °C. 
 
 Based on the XRD and Raman spectra results shown in previous sections, the crystal 
structure of the “400 °C” sample was to some degree similar to the “300 °C” sample but 
without any obvious structural water content. According to the conclusions made by 
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Georg et al.[16] and Whittingham,[17] water content in the WO3 film played an important role 
on rapid H+ ions diffusion.  
 
 
Figure 3.11. Gaussian curve fitting of Raman spectra of  400 °C annealed sample before H2 
gas exposure (blue line), during H2 gas exposure (red line) and after air exposre (green line) 
at the operating temperature of (a) 20, (b) 60, (c) 100 and (d) 140 °C.   
 
This was in agreement with the H2 gas interaction with “400 °C” sample at 20 °C as there 
was only minor Raman response after H2 gas exposure at such a low operating temperature, 
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indicating that less number of intercalated H+ ions interacted with the lattice oxygen of the 
WO3 film to form significant amounts of surface water molecules and oxygen vacancies 
(Figures 3.11 (b)-(d)). The increase of the operating temperature to 60 °C helped the 
dissociated H+ ions interact with lattice oxygens, forming surface water molecules. However, 
most of these generated surface water molecules remained in their original positions without 
forming any oxygen vacancies (Figure 3.12). The behaviors of the sample at 100 and 140 °C 
were similar to those of “300 °C” sample. 
 
 
Figure 3.12. Detailed Gaussian curve fitting of Raman spectra of 400 °C annealed sample 
during H2 gas exposure at the operating temperature of (a) 20, (b) 60, (c) 100 and (d) 140 °C. 
 
 Figure 3.13 showed the in-situ Raman spectra of the “500 °C” sample kept at (a) 20, 
(b) 60, (c) 100 and (d) 140 °C. There were also no clear peak shifts occurred at Figures 3.14 
(a) 20, (c) 100 and (d) 140 °C, according to the curve fitting results. Interestingly, it was clear 
that the Raman responses of all peaks were negligible within a ±10% range after H2 exposure, 
except at 60 °C (Figure 3.6 (d)). Another interesting observation was that the Raman 
spectrum of the sample at 60 °C did not fully regain its initial pattern after the air recovery. 
Additionally as can be seen in Figure 3.14 (b), there was a peak shift from 677 to 655 cm-1 
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that occurred in the regions of hexagonal WO3 v (O-W-O) stretching mode. This peak shifted 
back to 663 cm-1
 
after air recovery provided evidence of incomplete surface water desorption. 
 
 
Figure 3.13. In-situ Raman spectra of 500 °C annealed sample before H2 gas exposure (blue 
line), during H2 gas exposure (red line) and after air exposure (green line) at the operating 
temperature of (a) 20, (b) 60, (c) 100 and (d) 140 °C. 
 
 Orthorhombic WO3 structure was not commonly used in the EC applications due to 
its irreversible phase transition [18] and slow alkali ion (Li+ and Na+ ) diffusion compared to 
monoclinic and hexagonal structures.[19] These characteristics can be used to evaluate the 
performance of H+ ions diffusion in orthorhombic WO3 structure since the mechanism of H+ 
ions intercalation into WO3 film was very similar to that of alkali ion insertion.[20-21] The 
partial transformation into orthorhombic WO3 after annealing the sample at 500 °C resulted 
in no clear formation of water molecules after H2 gas exposure. This was due to the fact that a 
significant decrease in H+ ions mobility reduced the rate of reaction between intercalated H+ 
ions and lattice oxygen. It seemed that the existing monoclinic WO3 phase of the crystal still 
interacted with H2 gas only at 60 °C. However, even at this optimum operating temperature, 
the incomplete Raman spectrum recovery after air exposure can be due to the orthorhombic 
WO3 characteristics. According to the Raman spectra at higher operating temperatures, there 
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is no signature of water formation. As the rate of H+ ions diffusion had been reduced, the 
water molecules were only formed near the WO3 grains surface and then were very rapidly 
desorbed. 
 
 
Figure 3.14. Gaussian curve fitting of Raman spectra of 500 °C annealed sample before H2 
gas exposure (blue line), during H2 gas exposure (red line) and after air exposure (green line) 
at the operating temperature of (a) 20, (b) 60, (c) 100 and (d) 140 °C. 
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3.7 Chapter Summary and Conclusion 
 The PhD candidate employed in-situ Raman spectroscopy to investigate the H2 gas 
interaction with the RF-sputtered Pd/WO3 films as a function of operating temperature and 
WO3 crystallinity. The as-deposited WO3 sample, with a monoclinic crystal phase, 
consistently showed similar responses at operating temperatures of 20, 60, 100 and 140 °C. 
The in-situ Raman spectra investigation results indicated that the exposure of H2 gas to as-
deposited sample
 
resulted in the formation of both water molecules and oxygen vacancies. 
They also showed that the increase of the operating temperature enhanced the formations of 
surface water molecules and oxygen vacancies, which were compensated by both the surface 
water desorption and oxygen vacancies recombination at operating temperatures above 
100 °C. The response of the sample annealed at 300 °C was very similar to that of the as-
deposited sample. The rapid decrease of the water content of the sample annealed at 400 °C 
reduced the rate of H+ ions diffusion along the surface of WO3 gains at 20 °C, which resulted 
in the reduced Raman response. Interestingly, the increase of the annealing temperature to 
500 °C partially transformed the samples into the orthorhombic crystal phase. This 
transformation significantly reduced the H+ ions mobility, which caused no surface structure 
vibration upon H2 gas exposure at the operating temperature of 20 °C. The partial presence of 
monoclinic phase still caused the H2 gas interaction with the WO3 film at 60 °C. However, 
the dissociated H+ ions were partially trapped within the crystal structure even after air 
exposure at this operating temperature possibly due to the unique characteristics of 
orthorhombic WO3. 
 The outcome of the chapter was mostly contributed to one of the PhD candidate’s 
journal papers titled “In-situ Raman Spectroscopy of H2 Interaction with WO3 Films” that 
was published in the journal of Physical Chemistry Chemical Physics.[22] 
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Chapter 4: 
 
 
Optical Gas Sensors based on Nano-platelet 
WO3 Films 
 
 
4.1 Introduction  
In Chapter 3, the PhD candidate proposed a new model for nanostructured WO3 
gasochromism at different operating temperatures and degrees of WO3 crystallinity. The PhD 
candidate believes that these results can be helpful to the development of highly sensitive 
optical H2 gas sensors. As reviewed in Chapter 2, the PhD candidate realizes that optical fiber 
is a promising and widely-used optical gas sensing platform due to its low cost, commercially 
available and easy to be integrated into sensor networks. However, the PhD candidate finds 
that the sensitivities of the reported fiber optic H2 gas sensors based on metal oxides are 
relatively low mainly due to their limited interactive surface areas with H2 gas.  
 In this chapter, the PhD candidate fabricates highly sensitive optical fiber H2 gas 
sensors based on nano-platelet crystalline WO3 films. These films are obtained by using a 
simple and controllable wet chemical etching method (The fabrication details are presented in 
Section 4.2). The PhD candidate investigates their H2 gas sensing performances as a function 
of H2 gas concentration, optical wavelength as well as the crystallinity of WO3 films. The 
operating principle of these optical gas sensors, their characterization and H2 gas sensing 
performance results are presented in Section 4.3, 4.4 and 4.5, respectively. 
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4.2 Fabrication and Testing Setup Details  
 The optical fibers used in this experiment were standard multimode silica fibers with 
62.5 µm core and 125 µm cladding diameters (Thorlabs Co.ltd). Prior to the deposition of W 
layer, the polymeric coating of the bare optical fiber was removed mechanically, followed by 
chemical cleaning using methanol, and precisely terminated using a fiber cleaver. After the 
preparation of the bare optical fibers, W layers were deposited on the tips of the fibers via a 
RF sputtering system. Optical fibers were held perpendicular to the stage in the RF sputtering 
chamber and adjusted to be at a distance of 65 mm from the 99.95% purity W target. The 
base pressure of the sputtering chamber was 1 × 10-5 Torr. The process pressure was kept at 
20 × 10-3 Torr in the presence of 100% Ar gas. A constant RF power of 100 W was applied 
during the deposition process, with a holder temperature of 300 °C. The sputtering duration 
was 2 min, which formed a W film thickness of approximately 50 nm. Based on the WO3 
synthesis method developed by Widenkvist et al.,[1] the fiber tips coated with W films were 
boiled for 45 min in 100 ml 1.5 M nitric acid at a constant solution temperature of 50 °C. 
Later, the samples were annealed at 300 and 480 °C for 2 hr in air with a ramp up/down rate 
of 2 °C/min, transforming the tungstite into WO3 nano-platelets with different degrees of 
crystallinity. Annealing at higher temperatures was not possible as the films delaminated 
from the tips. Followings the annealing step, Pd films of approximately 25 Å thickness were 
deposited onto the as-deposited and annealed samples by DC sputtering using a 0.1 mm thick 
- 57 mm diameter 99.99% Pd target (PST).  
 The surface morphologies of the films were characterized by scanning electron 
microscope (SEM). XRD patterns were obtained to reveal the crystal structures of the films 
using a Bruker D8 DISCOVER micro-diffractometer fitted with a general area detector 
diffraction system (GADDS) at room temperature using CuKα radiation (λ = 0.154178 nm) at 
a potential of 40 kV and a current of 40 mA. The beam was filtered using a graphite 
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monochromator in parallel mode (175 mm collimator with 0.5 mm pinholes). The reflectance 
spectra of the samples were examined using a spectrophotometric system consisting of a 
Mikropack halogen light source, a 2×1 multimode optical coupler with 50:50 coupling ratio, 
and an Ocean Optics HR4000 spectrophotometer connected to a computer via a USB cable. 
This setup was attached to a gas calibration system with a computer controlled mass flow 
controller regulating flow at 200 sccm into a customized optical gas chamber fitted with a 
localized sample heater. Detailed schematic diagram of this setup can be seen in Figure 4.1. 
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Figure 4.1. Schematic diagram of the measurement setup. 
 
4.3 Operating Principle of the Optical Fiber H2 Gas Sensors  
 This optical gas sensor was based on a Fabry-Perot interferometer created by a thin 
layer of nanostructured Pd/WO3 film on the terminal face of properly cut and prepared silica 
optical fibers. Detailed mechanism regarding the reflected light modulation had been 
discussed in literature.[2-3] Generally speaking, the modulation of the reflected light was 
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related to the variation of effective refractive index, absorption coefficient, film thickness and 
light scattering due to nano-size effect of the film. For the case of metal oxides used as the 
gas sensitive layers, Maciak et al.[4] suggested that the modulation of reflected light was 
mainly caused by the changes of effective refractive index, which could be described using 
the following equation: 
21
21
nn
nn
R
+
−
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 (4.1) 
where R was the reflection coefficient, n1 was the refractive index of the medium, which the 
incident light came from; and n2 was the refractive index of the medium, which the light was 
transmitted into. 
 When H2 gas interacted with the nanostructured Pd/WO3 film at elevated 
temperatures, catalytic Pd dissociated the H2 gas molecules into electrons and H+ ions. They 
were then transferred to the nearby WO3 nano-platelet surface. The released electrons 
reduced W6+ (transparent) in the centre of the WO3 crystal lattice to W5+ (blue colour), which 
hence changed the film refractive index and the reflectance. At the same time, the intercalated 
H+ ions interact with lattice oxygen of the WO3 produced by the reduction of W6+ to W5+, 
forming surface water molecules.[5] 
 
4.4 Characterizations of the Nano-platelet WO3 Films 
 The SEM image in Figure 4.2 (a) showed the surface morphology of the optical fiber 
tip coated with the as-deposited tungsten oxide film. It was observed that the film (in white 
color) was uniformly covered on top of the tip. Surface morphology at higher magnification 
of the as-deposited film, and films annealed at 300 and 480 °C were presented in Figured 4.2 
(b), (c) and (d), respectively. The insert image in Figure 4.2 (b) showed the surface of W film 
before acid etching. It was seen that the W grains with 20-80 nm sizes were transformed into 
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tungstite nano-platelets with the dimensions of 300-500 nm and the thicknesses of 40-60 nm. 
The surface of these nano-platelets was rough and their thicknesses were greatly varied. 
However, they were adjacently connected to each other. Annealing the sample at 300 °C 
resulted in the formation of smooth surface of platelets and increase of the uniformity of their 
thicknesses, which were in the range of 20-30 nm. Further thermal treatment of the sample at 
480 °C showed no obvious difference as compared with the 300 °C annealed sample. 
 
 
Figure 4.2. SEM images of (a) optical fiber coated with as-deposited tungsten oxide film, (b) 
as-deposited tungsten oxide sample and samples annealed at (c) 300 °C and (d) 480 °C in air 
for 2 hr. The insert is the SEM image of the RF-sputtered W film deposited on the tip of an 
optical fiber. 
 
 Figure 4.3 depicted the XRD patterns for the as-deposited and annealed samples. 
Noticeable differences can be observed across the sample set, while the as-deposited sample 
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retained features of several common WO3 phases (triclinic, monoclinic and orthorhombic). A 
transition to monoclinic dominance (annotated *) of WO3 (ICDD 83-0950) can be observed 
as the annealing temperature increased to 480 °C. Appearance of the (4 0 0) and (4 2 0) 
phases along with the intensification of the (2 0 0) plane indicated this transition. Presence of 
un-oxidized W metal in the as-deposited sample (annotated #) also diminished once annealed, 
indicating the change of oxidation states. 
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Figure 4.3. XRD patterns of as-deposited and annealed samples. The labelled peaks 
correspond to monoclinic WO3 (*, ICDD 83-0950) and α-W (#, ICDD 04-0806). 
 
4.5 H2 Gas Sensing Performances  
 Figure 4.4 showed the normalized reflectance changes of (a) 300 °C and (b) 480 °C 
annealed samples over the visible (VIS) - near infrared red (NIR) wavelength range in the 
present of 1% H2 gas in synthetic air at the operating temperature of 100 °C. This temperature 
was chosen based on the conclusion drawn from Chapter 3. Both of the sample reflectances 
in air and H2 gas were normalized to the reflectance at the wavelength of 375 nm (not shown 
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in the 400-1000 nm region). The presence of H2 gas resulted in the reflectance change of 
300 °C annealed sample at the NIR wavelength (700-1000 nm) region. However, 480 °C 
annealed sample exhibited a larger reflectance change within most of the VIS-NIR range 
(400-1000 nm), with exception of the region between 680 and 720 nm, which can be due to 
the characteristic of the optical fiber itself (Torlabs GIF625-10 specification sheet). 
According to the results presented in Section 4.4, thermal treatment of the sample in higher 
temperature enhanced its monoclinic crystal phase and completely oxidized the remaining W. 
The PhD candidate believed that the increased crystallographic order of the 480 °C annealed 
sample could produce more available sites for H+ ions intercalation based on the conclusion 
drawn by Georg et al.,[6] thus enhanced its coloration process.  
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Figure 4.4. Normalized reflectance spectra of the samples annealed at (a) 300 °C and (b) 
480 °C when exposed to synthetic air (blue line) and 1% H2 gas in synthetic air (red line) in 
the VIS-NIR wavelength range at 100 °C. 
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 It was also interesting to observe that the reflectance of 480 °C annealed sample was 
increased in the wavelength region of 500 to 700 nm when exposed to H2 gas, in contrast to 
the response in the region from 700 to 1000 nm. This was similar to the observation by Chen 
et al.,[7] who investigated EC effect on thermally-evaporated WO3 nanowired films. They 
suggested that this increase was due to open structure of nano-platelet films as well as the 
dimension of the nano-platelet (300-500 nm), which might enhance the light scattering in 
visible light range and became the dominant cause to the reflected light modulation compared 
to the effective refractive index variation.  
 Figures 4.5 (a) and (b) showed dynamic performance of the 300 °C annealed sample 
towards different concentrations of H2 gas at 100°C. Optical wavelength of 850 nm was 
selected because the light source with this wavelength was commercially available and 
widely used in the optical fiber communications industry, while the cumulative measurement 
method (400-1000 nm wavelength range) was introduced to optimize the quantification of the 
response and hence improved the sensitivities of the sensors towards low H2 gas 
concentrations.[5] The reflectance magnitude at 850 nm was decreased by 4% and 6% towards 
0.06% and 1% H2, respectively. Cumulative reflectance response in 400-1000 nm wavelength 
range remained similar to response at 850 nm. The response time towards the whole 
concentration range of H2 gas was all less than 30 s, while the recovery time was less than 
60 s. There was no distinguishable difference for the response and recovery time between 
cumulative and single wavelength measurements. The response and recovery time towards H2 
gas were not significantly improved by annealing the sample to 480 °C according to Figures 
4.6 (a) and (b). However, it improved the reflectance response at 850 nm to 6% and 12% 
towards 0.06% and 1% H2, respectively. Cumulative reflectance magnitude was reduced by 
approximately 4% towards 0.06% H2 and 7% towards 1% H2 due to the increase of 
reflectance in VIS wavelength region. The results showed a significant enhancement 
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regarding the sensing performances of the nano-platelet Pd/WO3 based optical fiber H2 gas 
sensor, in comparison to that based on RF-sputtered Pd/WO3 films, which was also 
developed by the PhD candidate under the same testing conditions.[8] The RF-sputtered 
Pd/WO3 based senor showed reflectance response of 2% and 5% towards 0.06% and 1% H2, 
respectively, which were less than half of reflectance response of the nano-platelet Pd/WO3 
based sensor. It was also notable that the response and recovery times of the nano-platelet 
Pd/WO3 based sensor were almost half of those of RF-sputtered Pd/WO3 based sensor. 
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Figure 4.5. Dynamic response of the 300 °C annealed sample when exposed to different 
concentrations of H2 gas at 100 °C for (a) the single wavelength of 850 nm and (b) 
cumulative wavelength range of 400–1000 nm. 
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Figure 4.6. Dynamic response of the 480 °C annealed sample when exposed to different 
concentrations of H2 gas at 100 °C for (a) the single wavelength of 850 nm and (b) 
cumulative wavelength range of 400–1000 nm. 
 
4.6 Chapter Summary and Conclusion 
  The PhD candidate successfully developed an optical fiber H2 gas sensor based on 
nano-platelet Pd/WO3 films obtained at different annealing temperatures. This fine nano-
platelet structure provided a high surface-to-volume ratio which remarkably enhanced the 
surface interactive area with H2 gas. The sensor was characterized by high sensitivity towards 
H2 gas concentrations as low as 0.06%, as well as excellent dynamic performances with 
response and recovery times of less than 30 and 60 s, respectively, at the relatively low 
operating temperature of 100 °C in comparison to other types of metal oxide based gas 
sensors.[9-10] It was found out that increasing crystallographic order of the sample directly 
resulted in reflectance response magnitude towards H2 gas.  
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 The outcome of the chapter was mostly contributed to one of the PhD candidate’s 
journal papers titled “H2 Sensing Performance of Optical Fiber Coated with Nano-platelet 
WO3 Films” that was published in the journal of Sensors and Actuators B: Chemical.[11] 
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Chapter 5: 
 
 
Electrochromic Smart Windows based on 
Anodized WO3 Nanoporous Networks 
 
 
5.1 Introduction  
According to the literature review presented in Chapter 2, the PhD candidate strongly 
believes that the utilization of highly ordered and thick 3D crystalline WO3 nanoporous 
networks as the EC layers can greatly increase the coloration efficiencies of the EC smart 
windows due to their enhanced surface-to-volume ratios as well as continuous and well-
aligned structures.[1-2] The PhD candidate also realizes that electrochemical anodization of W 
foils is an efficient, reliable and controllable process to produce such nanoporous networks 
with the reported maximum thickness of up to ~7 µm.[2-6] However, as the high initial 
transparency is an important prerequisite for EC smart windows, it is important to anodically 
grow these porous layers on TCO substrates instead of opaque metal foils. The current 
reported maximum thicknesses of these anodic porous layers on TCOs are up to 300 nm,[7-8] 
hence limiting their applications in smart windows fabrication. The PhD candidate recognizes 
the need for highly transparent WO3 porous films with the thicknesses larger than 300 nm 
and focuses the attention on the development of such anodized layers. 
In this chapter, the PhD candidate replaces aqueous electrolyte with organic solvent 
based electrolyte to maintain relatively low applied anodic voltages during the anodization 
process. The PhD candidate believes that this combination can greatly minimize the chemical 
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dissolution effect on WO3 porous layers induced by F- ions in the electrolyte, hence 
producing thicker porous layers on TCOs. Detailed explanation and experimental setup are 
presented in Sections 5.2 and 5.3, respectively. The candidate also investigates the surface 
morphologies (as presented in Section 5.4), and crystal structures (as presented in Section 5.6) 
of these porous layers  as well as the parameters that influence the surface morphologies of 
the porous layer (as presented in Section 5.5). 
The PhD candidate investigates the EC performances of these nanoporous networks in 
a few aspects. Firstly, the PhD candidate conducts cyclic voltammogrammetric (CVs) 
experiments of these nanoporous networks to reveal their electrochemical behaviours during 
coloration-bleaching cycles, and presents these results in Section 5.8. Secondly, the PhD 
candidate conducts the chronoamperometric (CA) measurements and simultaneously 
measures their optical properties in both colored and bleached states (as presented in Section 
5.9). Lastly, the PhD candidate calculates their coloration efficiencies based on the CA results 
together with the in-situ transmittance changes and compares them with the coloration 
efficiencies obtained by amorphus WO3 films and other reported crystalline WO3 systems (as 
presented in Section 5.10). 
 
5.2 Current Limitations on the Anodic Growth of Thick WO3 
Nanostructures on TCOs   
To anodically grow a WO3 porous layer on TCO, W film was firstly deposited on a 
TCO substrate via DC or RF sputtering as the starting material.[7-8] This film was then 
electrochemically anodized in fluoride-containing aqueous or non-aqueous ethylene glycol 
electrolyte via a two electrode set-up, which finally formed the nanoporous WO3 layer. It was 
common to apply high anodic voltages (as high as 60 V) in order to achieve efficient etching 
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of W films.[7-8] Nonetheless, the presence of such a strong electric field, as a result of high 
voltages, induced violent oxidation of W films. This was especially undesirable in W films 
made of nanorods (The surface morphologies of RF-sputtered W films were shown in later 
section), resulting in the loss of their order during the initial electrochemical oxidation 
process. In addition, due to the nature of the electrolyte, excessive chemical dissolution of the 
tungsten oxide layer can occur, which damaged the organized porous surface and limited the 
oxide layer thickness up to 300 nm.[9] Consequently, this would greatly degrade the films’ 
initial transparencies as well as their EC performances (their coloration efficiencies were only 
up to 58 cm2 C-1). 
From the detailed research on the anodization of other metals such as Ti and Al,[10] the 
PhD candidate summarized that there were two most logical approaches to overcome such 
issues, which were lowering the anodization voltage and finding a more efficient electrolyte. 
However as mentioned previously, lowering the applied voltage would not induce sufficient 
energy for W etching. The PhD candidate’s group previously attempted to increase the 
electrolyte temperature to 50 ºC during the anodization process to obtain a rapid W etching 
rate at low anodization voltages.[11] Nevertheless, a different surface morphology, other than 
a nanoporous structure, was created. This was due to the formation of tungsten trioxide 
hydrates (WO3·xH2O) instead of amorphous tungsten oxide because of the dissolution of W 
metal in acidic electrolytes at elevated temperatures.[12-13] In fact, the PhD candidate realized 
that there was still a limited amount of literature on the anodization of W and hence there 
remained great opportunity for exploring different electrolytes.  
In the next section, the PhD candidate showed that it was possible to carry out the 
anodization of W films at a low voltage (10 V). In the proposed process, ethylene glycol 
based electrolyte mixed with an optimized portion of water (2 %vol) was used. Such a mix 
has been conventionally used for the anodization of Ti but never been used efficiently for 
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W.[14-15] This method offered both directional etching along the W nanorods and mild 
chemical dissolution of the tungsten oxide layer, which was the key in developing the unique 
3D nanoporous networks with the thicknesses of up to 2 µm. 
 
5.3 Anodization Conditions of RF-sputtered W Films on FTO Glass 
Substrates 
  W films on FTO glass substrates were prepared by using a RF-sputtering method. 
FTO glass samples with the size of 1 × 1.5 cm were first placed in the RF sputtering chamber 
at a distance of 65 mm from the 99.95% purity W target (target diameter of 4 inches). The 
base pressure of the sputtering chamber was 1 × 10-5 Torr. The process pressure was kept at 
25 × 10-3 Torr in the presence of 100% Ar gas. A constant RF power of 100 W was applied 
during the deposition process, with a substrate temperature of 300 °C. The thickness of W 
films was found to have a linear relationship with the deposition time and the growth rate was 
estimated to be approximately 50 nm min-1. As the result, the sputtering durations of 2.5, 5, 
10 and 20 min produced W films of corresponding thicknesses of ~0.15, ~0.3, ~0.5 and 
~1 µm, respectively (Figure 5.1).  
 The anodization of these W films was carried out by applying 10 V between a 
platinum cathode and a RF-sputtered W film anode. Electrolytes consisting of 50 ml ethylene 
glycol (98% anhydrous, Sigma Aldrich) with 0.5 g NH4F (98% purity, Sigma Aldrich) and 
2 vol% water were used. Anodization durations of 10–100 min resulted in films comprising 
of 0.2–2.0 µm thick nanoporous structures with the etching rate ranging between 11.8 and 
16.7 nm min-1 (Table 5.1). The thicknesses of the resulting tungsten oxide layers were found 
to be almost double that of their corresponding initial W layers (Figure 5.1), due to the 
volume expansion effect, which was similar to previous observations regarding the Ti 
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anodization.[16] After the anodization, the samples were carefully washed with distilled water 
and dried
 
in a nitrogen stream, and were then annealed in air at a temperature of 450 °C for 
60 min, with a slow ramp up and down rate of 2 °C/min. 
 
Table 5.1. Comparison of the anodization duration and corresponding etching rate for W 
layers with different thicknesses. 
W layer thickness 
(µm) 
Anodization time 
(min) 
Etching rate 
 (nm min-1) 
~0.15 ~9 16.7 
~0.3 ~20 15.0 
~0.5 ~41 12.2 
~1.0 ~85 11.8 
 
 
Figure 5.1. Graph plot of RF-sputtered W layer thicknesses vs. deposition time and their 
corresponding anodized tungsten oxide layer thicknesses. 
 
5.4 Surface Morphologies of Sputtered W, As-anodized and Annealed WO3 
Nanoporous Networks 
 The SEM images in Figures 5.2 (a) and (c) represented the surface morphology and 
the cross-sectional view of the as-sputtered W layer, respectively. It was observed that the W 
Chapter 5: Electrochromic Smart Windows based on Anodized WO3 Nanoporous Networks  
 79 
layer consisted of compressed vertically-aligned nanorods. These nanorods, with arrow-head 
shaped platelets stacked on the top, having widths ranging from 20 to 60 nm (Figure 5.2 (b)). 
By zooming in on the cross-sectional images in Figure 5.2 (d), it was revealed that these 
nanorods were packed with small vertical stacks of grains of several nanometers dimensions, 
which potentially provided plenty of void spaces between the rods and hence resulted in a 
faster etching rate induced by F− ions during the electrochemical anodization. 
 Figures 5.2 (e), (f) revealed that highly organized pores, ranging from 10 to 30 nm, 
were formed on the surface of the as-anodized tungsten oxide layer. The pore walls, which 
were around 10 to 30 nm thick, had a creviced surface. This could be due to the irregular 
etching of the arrow-head platelets on the top of the W nanorods. From the cross-sectional 
SEM images in Figures 5.2 (g) and (h), it was observed that the compressed nanorod 
structure was retained for the as-anodized layer but with a secondary set of pores distributed 
along the nanorod surface. These secondary pores, with interconnected pore walls, had the 
sizes in the range of a few nanometers, possibly due to mild chemical dissolution caused by 
fluoride ions in the electrolyte. As the result, the existence of these secondary pores enabled a 
large active surface for this unique nanoporous network without the loss of structural 
continuity.  
 After annealing the as-anodized layer, shown in Figures 5.2 (i) − (l), this 3D 
nanoporous network maintained its morphology but the creviced appearance on the pore 
walls disappeared. In addition, some of the secondary pores merged together which might 
slightly reduce its surface area. These annealed nanoporous films appeared to have high 
degrees of transparency and there were no cracks or delamination in the films that can be 
observed, which showed a strong degree of adhesion between the nanoporous network and 
the FTO glass substrate. 
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Figure 5.2. SEM images of (a, b) top view and (c, d) cross-sectional view of a W nanorod 
array; SEM images of (e, f) top view and (g, h) cross-sectional view of an as-anodized 3D 
tungsten oxide nanoporous network; SEM images of (i, j) top view and (k, l) cross-sectional 
view of an annealed 3D tungsten oxide nanoporous network. 
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5.5 Effect of Applied Anodic Voltage and Water Content in the Electrolyte 
 The PhD candidate demonstrated that the low anodic voltage of 10 V was a fairly 
optimized anodization voltage for the ethylene glycol based electrolyte, as higher polarization 
voltages caused very large gaps and crevices appearing on the film surface (Figure 5.3). More 
importantly in these experiments, the amount of water added to the electrolyte was the most 
crucial parameter to obtain the desired surface morphology. Ethylene glycol was a solvent 
known to help in reducing the chemical dissolution effect of the formed oxide layer and had 
been extensively utilized for Ti anodization.[14-15] However, the absence of water in any 
ethylene glycol based electrolytes during the W anodization resulted in the formation of 
randomly distributed crevices in the layers (Figures 5.4 (a) and (b)). On the contrary, water 
acted as a passivator when its content exceeded 4 vol%, as the W etching rate and thickness 
of the porous network reduced dramatically (Figures 5.4 (c) and (d)).  
 
 
Figure 5.3. Optical image of ~1 µm thick RF-sputtered W films anodized at 20 V in 50 ml 
ethylene glycol electrolytes mixed with 0.5 g NH4F and 2 %vol H2O for 100 min.  
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Figure 5.4. Top and cross-sectional SEM images of ~1 µm thick RF-sputtered W films 
anodized at 10 V in 50 ml ethylene glycol electrolytes mixed with 0.5 g NH4F and (a), (b) 0 
and (c), (d) 4 %vol H2O for 15 and 120 min, respectively.  
 
5.6 Crystal Structure of As-anodized and Annealed WO3 Nanoporous 
Networks 
 The PhD candidate utilized XRD, Raman spectroscopy, high resolution transmission 
electron microscopy (HRTEM) and band gap estimation to reveal the crystal structure of the 
as-anodized and annealed nanostructured WO3 films. HRTEM samples were prepared by 
using a cleaned razor blade to scrape the nanostructures onto a holey carbon (Formvar) grid, 
allowing the surface tension of the grid to hold the nanostructures in place. The HRTEM 
images were taken using a JEOL2100F HRTEM operating at 200 kV. The optical band gap 
estimations were based on the absorbance spectra of the samples examined using a 
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spectrophotometric system consisting of a Micropack DH-2000 UV–VIS–NIR light source 
and an Ocean Optics HR4000 spectrophotometer. 
  
 
Figure 5.5. (a) XRD pattern of an as-sputtered W film (orange line), an as-anodized W oxide 
nanoporous network (blue line) and the network after annealing at 450 °C (green line). 
Orthorhombic WO3 (ICDD 20-1324) is indicated with a ♦ and W metal (ICDD 47-1319) is 
indicated with a ▲, while FTO is indicated with a ■; (b) the corresponding Raman spectra of 
the as-anodized (blue line) and post-annealed network (green line). (c) HRTEM image of one 
of the WO3 nanopore wall areas. (d) The corresponding SAED Pattern indexed to the WO3 
orthorhombic phase. 
 
 Figure 5.5 (a) showed the XRD pattern of the as-sputtered sample, in which four well-
defined peaks, indicative of the presence β-W (ICDD 47-1319), could be seen. The as-
anodized nanoporous network appeared to be amorphous as there were only FTO peaks 
presented in the diffractogram. The disappearance of W peaks also indicated that the initial 
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W layer has been completely oxidized. Annealing the nanoporous network resulted in the 
crystallization of the nanostructured material into the WO3 orthorhombic phase (ICDD 20-
1324), with distinct diffraction peaks observed at 23.2, 24.1, 29, 33.9, 42, 49.5 and 55.7º. The 
Raman spectra in Figure 5.5 (b) confirmed the results obtained from the XRD measurements. 
For the as-anodized sample, a broad peak centered at 770 cm-1 and a distinct peak located at 
958 cm-1 represented the symmetric stretching mode v (O-W-O) and terminal W=O 
vibrational bond of amorphous tungsten oxide, respectively.[17] The Raman peaks became 
more prominent after annealing. In addition, new peaks appeared at 134, 180, 203, 272, 321, 
429, 704 and 804 cm-1, all indicative of the orthorhombic nature of the annealed porous 
network.[18-19] Figure 5.5 (c) showed a HRTEM image of a sample area of the walls of the 
crystalline WO3 nanopores. A lattice fringe spacing of 0.37 nm was identified in this image, 
which corresponded to the (2 0 0) lattice plane. It could be seen that the walls of nanopores 
were highly ordered with a high degree of crystallinity (as also confirmed by the XRD and 
Ramen spectra). Figure 5.5 (d) depicted a selected area electron diffraction (SAED) pattern of 
this region. This pattern was indexed to the orthorhombic phase of WO3. Crystalline WO3 
formed a network of WO6 octahedra in which the actual phase depended on slight tilts of 
these octahedral around the centre W atoms as well as small changes in the bond lengths.[20] 
As a result, although the annealed anodized WO3 was indexed to the orthorhombic phase, 
XRD, Ramen and HRTEM could also suggest the presence of the monoclinic phase which 
had a very similar microstructure to that of orthorhombic phase.[20] However, the bandgaps of 
these two phases had been suggested to be quite different using a systematic hybrid density 
functional theory (DFT) study, in which orthorhombic and monoclinic phases were found to 
be ~2.6 and ~3.1 eV, respectively.[21] This meant that analyzing the bandgap of the annealed 
anodized WO3 using the Tauc plot extracted from its absorption spectrum could reveal its 
actual crystal phase.[22-23] Figure 5.6 showed that the bandgap of the crystalline WO3 was 
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found to be ~2.73 eV in comparison with ~3.08 eV for RF-sputtered WO3 thin films in 
monoclinic phase.[19] This was supportive of the presence of the orthorhombic phase in these 
3D crystalline WO3 nanoporous networks. 
 
 
Figure 5.6. Optical bandgap estimation of a crystalline 3D WO3 nanoporous network 
(Orthorhombic phase) and a RF-sputtered film (monoclinic phase). 
 
5.7 Experimental Setup for Accessing the Electrochromic Properties 
The PhD candidate accessed the electrochemical properties in an aqueous solution of 
0.1 M H2SO4 with a anodized WO3 nanoporous film as the working electrode, a Pt wire as 
the counter electrode and a Ag/AgCl electrode as the reference electrode using a CH 
Instruments CHI480c electrochemical analyzer. The CVs of the nanoporous films between 
−0.25 and 1.5 V (vs. Ag/AgCl) were obtained in a 0.1 M H2SO4 mildly acidic solution. All 
CV results presented here were obtained with the same scan rate of 100 mV s-1 after 50 
consecutive coloration−bleaching cycles. The PhD candidate herein performed CA 
measurements by applying alternative potentials of −0.25 and 1.5 V for 40 s (representing 
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colored and bleached state, respectively). He also measured the in-situ changes of the optical 
transmittances of the WO3 nanoporous films using a spectrophotometric system consisting of 
a Mikropack halogen light source and an Ocean Optics HR4000 spectrophotometer. 
 
5.8 Cyclic Voltammograms  
 Figure 5.7 showed typical CVs of WO3 nanoporous networks with four different 
thicknesses of ~0.2, ~0.6, ~1 and ~2 µm. It could be seen in all cases that the large increase in 
cathodic current as the potential was scanned negatively was due to the intercalation of 
protons into the WO3 layer resulting in the coloration process. The CV plots and Table 5.2 
revealed that the 2 µm sample showed the largest amount of H+ intercalation as it obtained 
the largest cathodic (coloration) current peak and area.[24] In addition, the onset potential was 
shifted to more positive potentials as the thickness of the layer was increased which indicated 
reduced interfacial charge transfer resistance.[25] During the bleaching process, the currents 
increased steadily from negative values till reaching positive maxima (defined as ‘anodic 
peaks’), then decreased back to zero as the voltages moving back to positive values. The 
magnitude of this process was again increased for the thicker films due to the increased 
amount of proton intercalation in the negative sweep. This data indicated that the thicker 
WO3 nanoporous network was capable of accommodating more intercalated charges, which 
was hence more favorable for EC applications.[26-27] Interestingly, the location of the anodic 
peak moved towards positive voltage region as the layer thickness increased, which 
suggested that the H+ de-intercalation process of a thinner layer occurred faster at a relatively 
lower overpotential than that of a thicker layer. The reversibility during the electrochemical 
reaction could be calculated based on the ratios between cathodic and anodic charge densities. 
It was found that all these nanoporous networks had high reversibility with the ratios above 
85% (Table 5.2). After continuous running of 2000 CVs cycles, no significant reduction in 
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cathodic or anodic areas can be found for all samples, which indicated that these 3D 
nanoporous networks had excellent cyclic stabilities which was one of the most important 
characteristics for the development of high performance EC devices. Detailed information 
was presented in Figure 5.8. 
 
Table 5.2. Corresponding intercalated cathodic and anodic charge based on CV plots for 
WO3 layers with thicknesses of 0.2, 0.6, 1 and 2 µm.  
WO3 layer 
thickness (µm) 
Intercalated cathodic charge 
(mC cm-2) 
Intercalated anodic charge 
(mC cm-2) 
Reversibility 
(%) 
~0.2 0.101 0.086 85 
~0.6 0.423 0.384 91 
~1.0 0.525 0.488 93 
~2.0 0.879 0.808 92 
 
 
Figure 5.7. Cyclic voltammograms (CVs) performed between −0.25 and 1.5 V (vs. Ag/AgCl) 
with a scan rate of 100 mV s-1 in 0.1 M H2SO4 for WO3 layers with thicknesses of 0.2, 0.6, 1 
and 2 µm. 
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Figure 5.8. CVs performed between −0.25 and 1.5 V (vs. Ag/AgCl) with a scan rate of 
100 mV s-1 in 0.1 M H2SO4 for WO3 layers with thicknesses of (a) 0.2, (b) 0.6, (c) 1 and (d) 
2 µm for up to 2000 cycles. 
 
5.9 Chronoamperometric Measurements and the Induced Optical 
Properties Changes  
 The results obtained from CA measurements were shown in Figure 5.9. To the best of 
PhD candidate’ knowledge, the only close coloration voltage compared to this value here was 
reported by Kirchgeorg et al., who investigated the EC properties of amorphous W-Ta oxide 
by applying the coloration voltage as low as -0.3 V.[28] In association with the CA 
measurements, the changes of films’ optical properties were investigated by comparing the 
UV−VIS transmittance spectra of WO3 nanoporous networks in both colored and bleached 
states. It could be seen in Figure 5.10 that the 0.2, 0.6 and 1 µm samples in the bleached state 
were all significantly transparent with transmittance values larger than 80% for wavelengths 
higher than 550 nm, which fulfilled the prerequisite for high performance EC devices that 
enabled a large optical modulation.[1] In comparison, the 2 µm sample had only ~40% 
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transmittance, which limited its capability for EC optical modulation. For all four WO3 
layers, the coloration process induced a color change from initially transparent to deep blue, 
and hence reduced their transmittance especially in the wavelengths close to the NIR region. 
 
 
Figure 5.9. Chronoamperometric (CA) measurements with voltage step from −0.25 V (40 s) 
to +1.5 V (40 s) for WO3 layers with thicknesses of 0.2, 0.6, 1 and 2 µm. 
 
 
Figure 5.10. The UV-VIS transmittance spectra of the WO3 layers with thicknesses of (a) 0.2, 
(b) 0.6, (c) 1 and (d) 2 µm in the colored (grey lines) and bleached states (black lines). 
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5.10 In-situ Transmittance Changes and Electrochromic Coloration 
Efficiencies 
 The PhD candidate measured the in-situ transmittance changes at 550, 650 and 
750 nm for the measurement of optical modulations and evaluation of coloration/bleaching 
kinetics at specified wavelengths. The coloration and bleaching time were defined as the time 
required for an 80% change in the full transmittance modulation at each specified 
wavelength. From Figures 5.11 (a), (c) and (e), it was found that the optical modulation 
behavior of the EC WO3 layers depended greatly on their thicknesses. The modulation ranges 
of the transmittance for the 0.6 and 1 µm thick samples were up to 75% at 750 nm, while the 
0.2 µm thick sample only demonstrated ~20% change at the same wavelength. The results of 
the in-situ transmittance change also further verified the conclusion drawn from the CV plots 
presented in Section 5.8, where a thicker WO3 layer had a smaller coloration time but longer 
bleaching time as compared to that of a thinner layer. In particular for the 2 µm sample, the 
coloration time was found to be 2.5 s while the bleaching time was around 15.5 s. However, 
when the WO3 layer thickness was reduced to 0.2 µm, its coloration time was almost four-
fold slower than that of the 2 µm sample, but in contrast, bleaching only takes 4.2 s. The 
optical wavelength was another factor that affected the time required for the 
coloration−bleaching process. It was noticed that longer coloration time but shorter bleaching 
time occurred as the wavelength moved towards the blue region. Taking the 1 µm thick 
sample for example, the coloration and bleaching time is 3.8 and 11 s at 750 nm, respectively, 
as compared to 7.8 and 6.9 s at 550 nm. Detailed transmittance change and 
coloration/bleaching time of these four samples at different wavelengths were shown in 
Tables 5.3 and 5.4. It was noticed that the maximum optical modulation reported here was 
very close to the value reported by White et al.,[9] in which they reported that the 
transmittance of a flexible crystalline WO3 thin film based EC device was modulated 
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between ~94 % and ~28 %. Although the initial transparencies of their films were higher than 
those of our nanoporous networks (~90 % and ~80 % for 0.6 and 1 µm samples, respectively), 
their switching time (several minutes) was much longer in comparison to the nanoporous 
samples (< 15.5 s). 
 
Table 5.3. Summary of optical transmittance change for WO3 layers with different 
thicknesses at the wavelength of 550, 650 and 750 nm. 
Transmittance change (%) WO3 layer thickness  
 
(µm) At 550 nm At 650 nm At 750 nm 
~0.2 10 17 22 
~0.6 47 58 75 
~1.0 54 71 75 
~2.0 34 40 39 
 
 
Table 5.4. Summary of coloration and bleaching times for WO3 layers with different 
thicknesses at the wavelength of 550, 650 and 750 nm. 
Coloration / Bleaching times (s) WO3 layer thickness  
 
(µm) At 550 nm At 650 nm At 750 nm 
~0.2 8.2 / 2.5 9.8 / 4.0 9.5 / 4.2 
~0.6 8.0 / 4.5 7.5 / 5.0  5.2 / 10.4 
~1.0 7.8 / 6.9 5.2 / 9.1 3.8 / 11.0 
~2.0 6.8 / 9.0  4.8 / 11.8 2.5 / 15.5 
 
 Figures 5.11 (b), (d) and (f) showed the plots of ∆OD at 550, 650 and 750 nm vs. ∆Q 
based on the aforementioned CA and in situ transmittance change results, respectively. Under 
the applied bias voltage of −0.25 V, the ∆OD for each of these four samples tended to a 
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constant value upon increasing the charge density. The coloration efficiency (CE) was 
extracted as the slope of the line fitted to the linear region of the curve. For the 0.2 µm 
sample, the CEs were calculated to be 33.5, 66.9 and 77.6 cm2 C-1 at 550, 650 and 750 nm, 
respectively. When the thickness of the sample reached 0.6 µm, the CEs at these three 
wavelengths increased dramatically to 64.1, 115.2 and 141.5 cm2 C-1, respectively. The 
increase of layer thickness to 1 and 2 µm resulted in a slight decrease in the CE values at 550 
and 650 nm, but remained steady at 750 nm.  
 
 
Figure 5.11. In-situ transmittance for WO3 layers with thicknesses of 0.2, 0.6, 1 and 2 µm at 
(a) 550 nm, (c) 650 nm and (e) 750 nm; The variation of the in-situ optical density (OD) vs. 
the charge density for WO3 layers with thicknesses of 0.2, 0.6, 1 and 2 µm at (b) 550 nm, (d) 
650 nm and (f) 750 nm. 
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 Although the CE values obtained here were still lower than the best amorphous WO3 
reported in the literature (230 cm2 C-1 by Maruyama et al.[29] and 167 cm2 C-1 by Deepa et 
al.[30]), they were much higher than those for films assembled from crystalline WO3 of 
different morphologies: nanopores (58 cm2 C-1 at 633 nm),[8] nanorods (42 cm2 C-1 at 633 
nm),[31] nanowires (102.8 cm2 C-1 at 633 nm),[32] nanospheroids (42 cm2 C-1 at 670 nm),[33] 
mesopores (63.7 cm2 C-1 at 633 nm)[34] and hierarchical nanotrees (43.6 cm2 C-1 at 500 nm).[35] 
The PhD candidate proposed that the superior improvement for the coloration 
efficiency can be mainly attributed to a large active surface area, continuous and well-aligned 
nanostructures, high crystallinity of the walls as well as good contacts between nanoporous 
networks and FTO substrates. Undoubtedly, a large active surface area was a commonly 
agreed factor for improving EC performances.[1] For the 3D nanoporous network, the active 
surface was not only limited to the primary pore channel walls (Figure 5.2(j)), but also the 
secondary pore walls (Figure 5.2(l)). Therefore, this produced a larger active surface area as 
compared to conventional nanoporous/nanotubular structures or other one dimensional (1D) 
nanotructures. More importantly, it was reported that the continuous and well-aligned 
structure was more favorable for charge transfer and H+ ion diffusion, as it was found to have 
lower resistances for ion migration and a smaller Warburg impedance during EC operation by 
extracting these values from their EIS spectra, resulting in higher reactivity and reaction 
kinetics.[32, 36] In addition, such a structure, with a strong degree of adhesion to the FTO 
substrate, could provide lower interfacial barriers to ion migration and charge transfer across 
the interface between the EC and conductor layers and hence lowered the required applied 
voltage,[37] which can be described according to the following equation:[38] 
( )[ ]bECISae VVV −Φ−Φ−=  (5.1) 
where Ve was the effective coloration voltage, Va was the applied voltage, Vb was the sum of 
all interfacial barriers, and ΦIS and ΦEC were the internal chemical potential differences of the 
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ion storage (IS) and the EC layers, respectively. Therefore, a lower interfacial barrier would 
result in a lower required applied voltage Va when the effective coloration voltage Ve was 
kept constant, which explained why the applied coloration voltage of this 3D crystalline 
nanoporous network was significantly lower than those reported previously for other 
crystalline WO3 systems.  
 
5.11 Chapter Summary and Conclusion 
 In this chapter, the PhD candidate outlined the synthesis details of the highly-ordered 
and crystalline 3D WO3 nanoporous networks with the thicknesses as much as ~2 µm on 
FTO glass substrates. The PhD candidate obtained these unique nanoporous networks by 
using an efficient electrochemical anodization method under mild chemical dissolution 
conditions at a low applied voltage of 10 V. The PhD candidate showed that the surface 
morphology and thickness of the W oxide layer were heavily dependent on the anodic voltage 
as well as the water portion in the ethylene glycol based electrolyte. The XRD, Raman 
spectroscopy, HRTEM and bandgap investigations all evidenced the high crystallinity of the 
materials and the SEM images showed the impressive porosity of the layer as well as 
continuity and high order of the 3D network. 
 The PhD candidate investigated the EC performance of these crystalline WO3 
nanoporous networks as a function of the thickness and optical wavelength. Under a low 
applied coloration voltage of −0.25 V in a mildly acidic 0.1 M H2SO4 electrolyte, the PhD 
candidate found that these crystalline nanoporous networks, with the thicknesses ranging 
between 0.6 and 1 µm, demonstrated excellent coloration efficiencies (up to 141.5 cm2 C-1 at 
750 nm) that exceeded the general range of the crystalline WO3 films, large optical 
modulation (up to 75% at 750 nm) and switching times that were viable for commercial 
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applications. For the nanoporous network with the thickness of 0.2 µm, the coloration 
efficiencies was dramatically dropped to 77.6 cm2 C-1 at 750 nm while its optical modulation 
was reduced to be 22% at 750 nm. For the film with the thickness of 2 µm, its optical 
modulation was also reduced to be ~40% at 750 nm even though it maintained its coloration 
efficiencies similar to those of films with thicknesses ranging between 0.6 and 1 µm. Despite 
these differences, all these nanoporous networks demonstrated excellent cyclic stabilities − 
without obvious degradations on their EC properties after 2000 continuous coloration − 
bleaching cycles.  
 The outcome of the chapter was mostly contributed to one of the PhD candidate’s 
journal papers titled “The Anodized Crystalline WO3 Nanoporous Networks with Enhanced 
Electrochromic Properties” that was published in journal of Nanoscale.[39] 
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Chapter 6: 
 
 
In-situ Raman Spectroscopy of Nanostructured 
MoO3 Gasochromism 
 
 
6.1 Introduction  
As reviewed in Chapter 2, the PhD candidate realizes that MoO3 is another suitable 
candidate material for smart windows and optical gas sensors. However, the PhD candidate 
finds that there is no literature regarding the fundamentals of nanostructured MoO3 
gasochromism so far. Hence, this is believed to limit the developments of gasochromism 
based smart windows and optical gas sensors.  
In this chapter, the PhD candidate investigates the MoO3 gasochromism by employing 
in-situ Raman spectroscopy on the H2 gas interaction with nanostructured MoO3. The PhD 
candidate notices that there exist a large variety of synthesis techniques for obtaining 
nanostructured MoO3 and he only focuses on synthesizing MoO3 nanostructures through a 
thermally evaporated method, as this method can produce highly crystalline and stratified 
structures [1-4] that are suitable for EC and GC applications. In addition, the PhD candidate 
realizes that the surface morphology of thermally evaporated MoO3 is strongly dependent on 
the type of substrates.[5] Hence, the PhD candidate thermally deposits nanostructure MoO3 on 
four common types of transparent substrates, which include quartz, glass, FTO and ITO 
coated glass, to alter the surface-to-volume ratios of the MoO3 crystallites (The deposition 
details are shown in Section 6.2). Their surface morphologies and nanostructure size 
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distribution details are presented in Section 6.3. The PhD candidate also utilizes various 
characterization techniques to reveal their crystal structures and presents them in Section 6.4. 
The PhD candidate employs in-situ Raman spectroscopy to investigate the presence of 
hydrogen intercalation, formation of hydrogen molybdenum bronze and the degree of oxygen 
deficiency, after the H2 gas interaction with nanostructured MoO3 as a function of surface-to-
volume ratio of the film in both N2 gas and synthetic air environments (as presented in 
Sections 6.5 and 6.7, respectively). A GC model is also proposed based on the investigation 
results and presented in Section 6.6. 
The PhD candidate also attempts to develop EC and GC devices based on these 
thermally evaporated MoO3 films. However, it is found that the thicknesses of these 
thermally evaporated MoO3 films are incontrollable and they have very poor degrees of 
initial transparency, which both make them unrealistic to utilize for practicable EC and GC 
devices. As the results, the PhD candidate does not include the relevant results in this thesis. 
6.2 Experimental Setup 
 In order to deposit MoO3 samples, 10 mg of the MoO3 powder (China Rare Metal 
Material Co.) was placed at the centre of a horizontal furnace. Substrates were placed at a 
distance from the central hot spot, where the temperature was measured to be 500 °C. The 
thermal deposition was carried out for 10 min using argon gas at a constant flow rate of 
250 sccm. The evaporation temperature was increased slowly at the rate of 5 °C/min and 
cooled at the same rate after the procedure. Following the thermal evaporation process, Pd 
films of approximately 25 Å thicknesses were deposited onto the samples by DC sputtering. 
This procedure was repeated for quartz, glass, FTO coated glass and ITO coated glass 
substrates, which were referred to the “quartz”, “glass”, “FTO” and “ITO” samples, 
respectively, in this chapter.  
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 The resulting films were characterized using SEM, XRD and Raman spectroscopy. 
The in-situ Raman spectra measurements were performed under the operating conditions 
similar to that shown in Chapter 3. The expressions: “H2 exposure” and “air recovery” in this 
text were used for describing the processes of exposing the samples to “1% H2 gas in N2 gas 
or synthetic air for 10 min” and “synthetic air for 30 min after H2 gas exposure”, respectively. 
  
6.3 Surface Morphologies of Nanostructured MoO3 Films  
 The SEM images in Figure 6.1 showed the surface morphologies of (a) “quartz”, (b) 
“FTO”, (c) “glass” and (d) “ITO” samples. It was observed that the “quartz” sample 
composes of hexagonal plates with an average width and length of 4 and 9 µm, respectively. 
The insert image also showed the layered nature of these hexagonal plates. The change of the 
substrate to “FTO” resulted in the formation of layered rectangular nanobelts rather than 
hexagonal plates. These rectangular nanobelts were observed to have an average width and 
length of approximately 5 and 40 µm, respectively. Similar to the “FTO” sample, the “glass” 
sample also consisted of layered rectangular belts with slightly larger dimensions, lying flatly 
on the surface of the substrate. For the “ITO” sample, these layered rectangular belts seemed 
to be condensed together, forming large and flat surfaces on top of the ITO substrate.  
 Detailed nanoplates size distributions were obtained based on 40 randomly selected 
nanoplates. For the nanoplates on quartz substrates, the lengths of the nanoplates ranged from 
4 to 12 µm, while a large number of them had the length of 8 −9 µm (Figure 6.2(a)). The 
widths of these nanoplates ranged from 1 to 5 µm (Figure 6.2 (b)). Based on the XRD results 
shown in lateral section, the growth directions of the nanoplates were (0 0 1) and (1 0 0). 
These nanoplates randomly orientated on top of the quartz substrates.  
For the nanobelts on FTO substrates, the lengths of the nanobelts ranged from 10 to 
60 µm, while most of the nanobelts had the length of 30 −40 µm (Figure 6.3 (a)). The widths 
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of the nanobelts ranged from 2 to 9 µm, while two major peaks were observed for the widths 
of 4 and 6 µm (Figure 6.3 (b)). The growth directions and orientations of the nanobelts were 
similar to that of nanoplates grown on quartz substrates.  
For the nanobelts on glass substrates, the lengths of the nanobelts ranged from 30 to 
100 µm (Figure 6.4 (a)), while a peak was observed at 60 µm. The widths of the nanobelts 
ranged from 2 to 11 µm, while an unusual peak was seen at 6 µm (Figure 6.4 (b)). The 
growth directions of these nanobelts were similar to that on quartz and FTO substrates. But 
instead of random orientation, they laid flatly on top of the glass substrates.  
The calculations of size distributions of flat structures on ITO substrates were not 
applicable, since they seemed to be highly packed, which formed large and flat surfaces on 
top of the ITO substrates. 
 
 
Figure 6.1. SEM images of nanostructured MoO3 deposited on (a) quartz, (b) FTO, (c) glass 
and (d) ITO substrates. 
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Figure 6.2. The distributions of (a) lengths and (b) widths of the MoO3 nanoplates grown on 
quartz substrates. 
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Figure 6.3. The distributions of (a) lengths and (b) widths of the MoO3 nanobelts grown on 
FTO substrates. 
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Figure 6.4. The distributions of (a) lengths and (b) widths of the MoO3 nanobelts grown on 
glass substrates 
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6.4 Structural Characterization of Nanostructured MoO3 Films  
 Figure 6.5 showed the XRD patterns of the MoO3 samples. Most of the peaks for 
these four samples were indexed to orthorhombic MoO3 (α-MoO3, ICDD 05-0508, cell 
parameters: a = 3.962 Å, b = 13.858 Å, c = 3.697 Å). The strong diffraction peaks appeared 
at 12.8, 25.7 and 39.1°, which corresponded to the (0 2 0), (0 4 0) and (0 6 0) planes, 
respectively. This revealed that MoO3 layers grew with strong preferential orientations of 
(1 0 0) and (0 0 1).[6] The strong intensities of the reflection peaks of (0 k 0) with k = 2, 4 and 
6 also prove the existence of the lamellar structure.[1-2] Other obvious peaks at 23.4, 52.9 and 
67.6° can be assigned to (1 1 0), (2 1 1) and (0 10 0) planes, respectively. It was also noted 
that the peaks of the “glass” sample, corresponding to the (1 1 0) and (0 k 0) planes, had 
similar intensities, which implied the imperfect growth of rectangular nanobelts (Figure 6.1 
(c)).[7] It can be observed that a very small amount of sub-stoichiometric MoO3 existed in all 
samples since small peaks appear at 11.7, 24.7 and 37.4°, which was a common characteristic 
for most of the metal oxides prepared by thermal evaporation methods.[8-9] 
 The Raman spectra of four different samples were presented in Figure 6.6.  As can be 
seen, strong peaks occurred at 284, 666, 821 and 995 cm-1 for all these samples.[10-12] The 
284 cm-1 peak represented the bending mode for the double bond (Mo=O) vibration. The 
666 cm-1 peak was assigned to the triply coordinated oxygen (Mo3–O) stretching mode, 
which resulted from edge-shared oxygen atoms in common to three adjacent octahedra. The 
821 cm-1 peak was for the doubly coordinated oxygen (Mo2–O) stretching mode, which 
resulted from corner-sharing oxygen atoms common to two octahedra, and the peak at 
995 cm-1 was assigned to the terminal oxygen (Mo6+=O) stretching mode, which resulted 
from an unshared oxygen. Other peaks at 339 and 376 cm-1 can be assigned to Mo3–O and 
Mo=O bending modes, while the peak at 471 cm-1 had the same band assignment as that of 
666 cm-1. In addition, the peak at 154 cm-1 assigned to the lattice mode and two weak peaks 
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at 210 and 235 cm-1, both represented the bending mode of Mo2–O. The only major 
differences on Raman spectra of these four samples were the ratio of the intensities for peaks 
at 821 and 666 cm-1 and those at 821 and 995 cm-1. According to the insert in Figure 6.6, both 
of these two ratios increased in the sequence of “quartz”, “FTO”, “glass” and “ITO” samples, 
which corresponded to their decreasing surface-to-volume ratios. This indicated the 
significance of forming crystals with low surface-to-volume ratio in generating strong Raman 
signals, in which the planar vibrations were confined within one axial direction. Based on the 
XRD results and Raman spectra, “quartz”, “glass”, “FTO” and “ITO” samples could be all 
identified as α-MoO3, despite their different surface morphologies. 
 
 
Figure 6.5. XRD patterns of the MoO3 deposited on quartz (blue line), FTO (green line), 
glass (red line) and ITO (black line) substrates. The labeled peaks correspond to α-MoO3 (*, 
ICDD 05-0508) sub-stoichiometric MoO3 (□), SiO2 (■), FTO (◊) and ITO (○). 
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Figure 6.6. Raman spectra of the MoO3 deposited on quartz (blue line), FTO (green line), 
glass (red line) and ITO (black line) substrates. The insert figure represents the intensity ratio 
between the peaks at 821 and 666 cm-1(blue line), and those at 821 and 995 cm-1 (red line). 
 
6.5 In-situ Raman Spectroscopy of MoO3 Gasochromism as a Function of 
Surface-to-volume Ratio in H2 Gas Balanced with N2 Gas 
 Figure 6.7 showed the in-situ Raman spectra of the (a) “quartz”, (b) “glass”, (c) 
“FTO” and (d) “ITO” samples before “H2 exposure”, after “H2 exposure” in the N2 gas 
environment and after “air recovery”. For the “quartz” sample, the most notable change after 
the H2 exposure was observed for the intensities of Raman peaks (assigned to Mo2-O 
stretching mode) at 821 cm-1, these peaks reduced from ~30000 to less than 50 counts. At the 
same time, Raman peaks at 154 and 471 cm-1 vanished and the intensities of Raman peaks at 
284, 666 and 995 cm-1 reduced by a factor of 103. These results all provided evidence that the 
α-MoO3 phase had disappeared during H2 gas interaction with the MoO3 crystallites.  
 According to Figure 6.8, The blue shift of the peak at 821 back to 815 cm-1 and the 
appearance of small new HxMoO3 (x≤0.4 type I hydrogen molybdenum bronze) peaks at 204 
(deformation mode), 441 (Mo3-O stretching mode) and 1006 cm-1(Mo=O stretching mode), 
all indicated the crystal transformation from original α-MoO3 into HxMoO3 in the presence of 
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H2 gas. In addition, according to the result presented by Eda et al.,[10] another Raman peak, 
which was assigned to Mo2-O stretching mode, should appear at 750 cm-1. However, it was 
observed that a new peak instead appeared at a lower wavenumber of 718 cm-1, which 
suggested that traces of MoO3-x also appeared, possibly due to the modification of original 
Mo2-O bond.[13] Other noticeable peaks, which appeared at 393, 483, 866 and 962 cm-1, can 
be assigned to the deformation mode, Mo3-O, and Mo=O stretching modes of MoO3-x, 
respectively.[13] It had been reported that the intercalation of sufficient amount of H+ resulted 
in theoretical formation of OH2 groups in the HxMoO3 structure and the bond lengths between 
the Mo atoms and OH2 groups were significantly increased.[14] The PhD candidate believed 
that the breakage of Mo-OH2 bonds in HxMoO3, due to the presence of heat from either 
ambient environment or laser beam of Raman spectroscopy, could be the reason for the 
appearance of MoO3-x, which was similar to the case of WO3 reported by other 
researchers.[15-16] It had been reported that there was a correlation between the shift of the 
Raman vibration frequency and the bond length between metal and oxygen atoms.[17-19] By 
investigating the Raman shifts for the Mo=O,  Mo2-O and Mo3-O bonds upon the H2 
intercalation, it was found that Mo2-O bond had the largest shift (~100 cm-1) compared with 
the other two, which suggested that the H+ ions interacted preferably with sites in the 
sequence of  (doubly coordinated oxygen) > (terminated oxygen) > (triply coordinated 
oxygen). This finding was also in agreement with the theoretical studies conducted by Sha et 
al. [20] and Ritter et al. [21]. 
 Similar to the H2 gas interactive behavior of “quartz” sample, the intensities of major 
Raman peaks of “glass”, “FTO” and “ITO” samples, were dramatically reduced by a factor of 
103 (Figure 6.7 (b), (c) and (d)). However, for these three samples as shown in Figure 6.8, it 
was observed that the intensities of the peak at 815 cm-1 were all stronger than those at 
718 cm-1. In addition, the peaks at 284, 666, 815 and 995 cm-1 intensified and the peak at 
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718 cm-1 weakened in the order of “FTO”, “glass” and “ITO” samples. For the “glass” 
sample, a new peak appeared at a lower wavenumber of 476 cm-1 compared to those of 
“quartz” and “FTO” samples at 483 cm-1. For the “ITO” sample, the H+ intercalation effect 
was significantly weakened due to the formation of smaller amounts of HxMoO3 as the peak 
at 995 blue-shifted back to 984 cm-1 and the 1006 cm-1 peak disappeared.[19] This also directly 
affected the formation of MoO3-x due to the disappearance of the peak at 483 cm-1. The 
gradual degradation of H+ intercalation effect on “FTO”, “glass” and “ITO” samples can be 
linked to their surface-to-volume ratios, as it was obvious that the surface-to-volume ratios 
decreased in the order of “quartz”, “FTO”, “glass” and “ITO” samples according to the SEM 
observations presented in the Section 6.3. The samples with higher surface-to-volume ratios 
offered greater Pd catalytic surface sites for H2 gas interaction, hence dissociating more H+ 
ions to interact with MoO3.  
 After air recovery (Figure 6.9), major Raman peaks of “quartz”, “glass”, “FTO” and 
“ITO” samples slowly (30 min) recovered to 45%, 10%, 66% and 10% of their initial 
patterns, respectively. For the case of “quartz” and “FTO” samples, the appearance of Raman 
peaks at 154, 235, 284, 339, 376, 471, 666, 821 and 995 cm-1 indicated the re-formation of α-
MoO3 in the presence of O2. However, the presence of a peak at 204 cm-1 and the incomplete 
reconstruction of the initial pattern, both suggested that there was residual HxMoO3 left in the 
samples. In the case of “glass” and “ITO” samples, although the peaks at 284, 339, 666, 821 
and 995 cm-1 intensified, it was observed that peaks at 204, 459, 483, 718 and 956 cm-1 
remained weak, which indicated that the presence of O2 did not fully transform their crystal 
structures back to α-MoO3.  
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Figure 6.7. In-situ Raman spectra of the MoO3 deposited on (a) quartz, (b) glass, (c) FTO 
and (d) ITO substrates before H2 exposure (blue line), after H2 exposure in N2 gas 
environment (red line) and after air recovery (green line). The insert figures are the detailed 
Raman spectra after H2 gas exposure corresponding to different substrates. 
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Figure 6.8. Detailed Raman spectra of the MoO3 films deposited on quartz (blue line), glass 
(red line), FTO (green line) and ITO (black line) substrates after H2 exposure in N2 gas 
environment. 
 
 
Figure 6.9. Detailed Raman spectra of the MoO3 films deposited on quartz (blue line), glass 
(red line), FTO (green line) and ITO (black line) substrates after air recovery. 
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6.6 The Proposed model for Nanostructured MoO3 Gasochromism  
 The PhD candidate proposed the following model to explain the above findings, 
which were associated with the process of H2 gas interaction with layered Pd/MoO3 
(Figure 6.10). The Pd film dissociated the H2 gas molecules into electrons and H+ ions, which 
were then transferred to the nearby surface of MoO3 (Figure 6.10 (a)). The intercalated H+ 
ions mainly interacted with the lattice corner-sharing oxygen atoms of the MoO3 first 
monolayer, forming theoretical OH2 groups and HxMoO3 structures (Figure 6.10 (b)). Then 
the remaining H+ ions transferred into deeper layers of MoO3 and repeated the same 
interaction. H2O molecules were hence formed and released from their original positions, 
leaving alone oxygen vacancies and resulting in the formation of MoO3-x (Figure 6.10 (c)). 
 In addition to the proposed model for the H2 gas interaction, the air recovery process 
can be described as follows: the incoming dry air stream encouraged a portion of the water 
molecules to desorb from the surface. The O atoms, which were generated by the dissociation 
of O2 on the Pd films, transferred to the MoO3 surface and then into deeper layers to 
recombined with a number of the oxygen vacancies. However, the accumulation of water on 
the MoO3 surface may reduce the available surface catalytic sites for the dissociation of O2, 
which can explain the incomplete recovery of the initial crystal phase. Alternatively, the 
interlayer diffusion rate of O atoms in MoO3 was much smaller that of H+ ions, which could 
also be a contributing factor to the slow air recovery process. 
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Figure 6.10. Illustration of the H2 gas interaction with α-MoO3. 
 
6.7 In-situ Raman Spectroscopy of MoO3 Gasochromism as a Function of 
Surface-to-volume Ratio in H2 Gas Balanced with Synthetic Air 
 Figure 6.11 showed the in-situ Raman spectra of the (a) “quartz”, (b) “glass”, (c) 
“FTO” and (d) “ITO” samples before “H2 exposure”, after “H2 exposure” in synthetic air 
environment and after “air recovery”. The Raman intensities of these four samples were all 
dramatically reduced but not as greatly as the intensities recorded in the N2 gas environment 
(Figure 6.7). By closely investigating the Raman spectra after the H2 exposure, it was seen 
that the H2 gas interaction performance in synthetic air environment was slightly different 
from that in N2 gas environment. For the case of the “quartz” sample in Figure 6.12 (a), peak 
at 339 cm-1 blue-shifted back to 320 cm-1, while the original peaks at 154 and 376 cm-1 were 
red-shifted to 166 and 405 cm-1, respectively. In addition, obvious peaks appeared at 204, 
448, 815 and 1006 cm-1 and the intensity of the peak at 718 cm-1 was much smaller than that 
at 815 cm-1. These implied that the presence of O2 in synthetic air, during the H2 gas 
interaction, caused the recombination of a number of oxygen vacancies, hence forming an 
equilibrium among the recombination of oxygen vacancies, the formation of OH2 groups and 
the formation of oxygen vacancies.  
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Figure 6.11. In-situ Raman spectra of MoO3 deposited on (a) quartz, (b) glass, (c) FTO and 
(d) ITO substrates before H2 exposure (blue line), after H2 exposure in synthetic air 
environment (red line) and after air recovery (green line). The insert figures are the detailed 
Raman spectra after H2 exposure corresponding to different substrates. 
 
 According to Figure 6.12, it was clearly observed that major peaks of the ”glass”, 
“FTO” and “ITO” samples at 284, 666, 821 and 995 cm-1 did not disappear in the spectra, 
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which suggested that a small amount of dissociated H+ interacted with the lattice oxygen of 
MoO3 to form OH2 groups. This effect became more obvious for the “ITO” sample, as no 
clear evidence for any new peak appearance was observed. This could be due to the blocking 
effect of the surface Pd catalytic sites by the accumulated water molecules, either from the 
desorption of the released water molecules or from the interaction between the dissociated H+ 
ions and O atoms on the Pd surface. 
 After the air recovery process, only 12%, 8%, 23% and 8% of the initial patterns of 
“quartz”, “glass”, “FTO” and “ITO” samples were regained. These values were comparably 
lower than those under no O2 influence during the H2 exposure, which further confirmed the 
blocking effect on the surface Pd catalytic sites. Similar to the description for Figure 6.9, 
Figure 6.13 also showed the existence of peaks at 204, 465 and 718 cm-1 after the air recovery 
process, which indicated the presence of HxMoO3 and MoO3-x, hence providing the evidence 
of the incomplete re-transformation into α-MoO3. 
 
 
Figure 6.12. Detailed Raman spectra of the MoO3 deposited on quartz (blue line), glass (red 
line), FTO (green line) and ITO (black line) substrates after H2 exposure in synthetic air 
environment. 
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Figure 6.13. Detailed Raman spectra of the MoO3 films deposited on quartz (blue line), glass 
(red line), FTO (green line) and ITO (black line) substrates after air recovery. 
 
6.8 Chapter Summary and Conclusion 
In this chapter, the PhD candidate reported the deposition details of MoO3 
nanostructures on the quartz, glass, FTO and ITO substrates. The PhD candidate pointed out 
that the surface morphologies of the crystallites were dependent on the types of substrate 
based on the SEM investigations. In particular, the nanostructures deposited on quartz 
substrates appeared as nanoplatelets, while those deposited on glass, FTO and ITO substrates 
had nanobelt appearances with different grown directions. The PhD candidate also found that 
the nanostructures deposited on quartz substrates had the largest surface-to-volume ratio, 
while those deposited on ITO substrates had the smallest based on the size distribution and 
Raman spectra results. Despite these differences, the PhD candidate identified all these four 
samples as layered α-MoO3 based on the XRD and Raman measurements.   
The PhD candidate employed in-situ Raman spectroscopy to investigate the H2 gas 
interaction with these layered Pd/MoO3 structures both in N2 gas and synthetic air 
environments. During the H2 gas interaction, the dissociated H+ ions mainly interacted with 
the doubly coordinated oxygen of MoO3 and formed OH and theoretical OH2 groups, which 
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resulted in the crystal structure transformation from original α-MoO3 into HxMoO3. Due to 
the breakage of Mo-OH2 bond caused by the heat either from the laser or ambient 
environment, part of the material appeared as MoO3-x, which hence led to the formations of 
water and oxygen vacancies. The latter exposure to air did not fully transform the crystal 
structures back to α-MoO3 at room temperature, as the surface Pd catalytic sites were blocked 
by the accumulated desorbed water molecules. In addition, the introduction of O2 during the 
H2 gas exposure could cause the recombination of oxygen vacancies, which were resulted 
from the H2 interaction. This may also enhance the surface blocking effect due to the possible 
formation of surface water molecules caused by the dissociated H+ ions and O atoms on the 
Pd sites. Interestingly, the H2 interaction intensity with MoO3 was directly linked to the 
surface-to-volume ratios of crystallites, with the strongest for MoO3 on quartz and weakest on 
ITO substrates. 
The outcome of the chapter was mostly contributed to one of the PhD candidate’s 
journal papers titled “In-situ Raman Spectroscopy of H2 Gas Interaction with Layered MoO3” 
which was published in the Journal of Physical Chemistry C.[22] 
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Chapter 7: 
 
 
DSSCs based on Elevated Temperatures 
Anodized Nb2O5 Nanoporous Networks 
 
 
7.1 Introduction 
 Despite the theoretical advantages of Nb2O5 detailed stated in Chapter 2, the PhD 
candidate notices that the reported power conversion efficiencies of Nb2O5 have not reached 
those of TiO2 based DSSCs mainly due to the reduction in their dye loading sites.[1-3] The 
PhD candidate realizes that the large unit cell dimensions of orthorhombic Nb2O5, in 
comparison to anatase TiO2, make it a challenging task to obtain the optimum Nb2O5 
morphology for highly efficient DSSCs.[4] As such, the PhD candidate believes that 
developing a vertically-positioned Nb2O5 nanoporous layer can solve this problem as it 
provides both improved surface area as well as a continuous structure. However, the limited 
thickness of the current reported layer (<500 nm) makes it unrealistic as a nominee 
photoanode material for DSSCs.[5] 
 In this chapter, the PhD candidate reports a critical breakthrough for the synthesis of 
Nb2O5 crisscross nanoporous networks with thicknesses of up to ~4 µm via a novel 
electrochemical anodization method that is carried out at elevated temperatures. The 
synthesis detail is presented in Section 7.2. The PhD candidate applies the elevated 
temperature condition based on the hypothesis that it will increase the F- ion diffusion rate 
during the anodization process. This process helps to avoid the formation of a thick barrier 
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layer on the bottom of the pores and hence increases the anodized film thickness.[5-6] The PhD 
candidate presents the surface morphologies of anodized Nb2O5 films, the parameters that 
influence their surface morphologies, and their structural characterizations in Section 7.3, 7.4 
and 7.5, respectively. 
 The PhD candidate evaluates the photoconversion performances of the DSSCs based 
on 2 and 4 µm thick Nb2O5 nanoporous networks by investigating their IPCE spectra 
(presented in Section 7.7) as well as current-voltage (I-V) curves (presented in Section 7.8), 
and compared them with DSSCs based on TiO2 nanotubular films with similar configurations 
as a benchmark. The PhD candidate investigates the dye-loaded effects of the anodized 
Nb2O5 nanoporous films by measuring the concentrations of their desorbed dye (presented in 
Section 7.7). The PhD candidate also conducts the studies on the electron transfer and 
recombination kinetics by using both the open circuit voltage decay (OCVD) and EIS 
techniques and presents them in Section 7.9. 
 
7.2 Synthesis Details of Anodized Nb2O5 Nanoporous Networks 
 The PhD candidate chose a niobium foil (99.95% purity, Sigma Aldrich) with a 
thickness of 0.25 mm as the starting material. The surface of each specimen was cleaned 
ultrasonically with acetone, then washed with isopropanol and distilled water and finally 
dried in a stream of compressed dry nitrogen. Electrolytes consisting of 50 ml ethylene glycol 
with 0.15-0.50 g NH4F and 0-8 vol% water were initially conditioned by applying 5-20 V 
between a platinum cathode and a niobium anode. The electrolytes were kept at a constant 
temperature of 20, 50 or 80 °C during each experiment. Anodization durations of 0.5-4.0 h 
resulted in films comprising of 1.5-6.0 µm thick nanoporous structures. After anodization, the 
samples were carefully washed with distilled water and dried
 
in a nitrogen stream. After 
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anodization, the sample was annealed in air at a temperature of 440 °C for 20 min, with a 
slow ramp up and down rate of 1 °C/min. 
 
7.3 Surface Morphologies of Anodized Nb2O5 Nanoporous Networks 
 The SEM image in Figure 7.1 (a) depicted the surface morphology of the as-anodized 
niobium oxide layer. A highly organized pore distribution was observed with nano-sized 
pores ranging from 30 to 50 nm. The sidewalls were around 10 to 20 nm thick. The bottom of 
the anodized layer (Figure 7.1 (c)) consisted of uniform and packed pseudo semi-spheres with 
a diameter of approximately 50 nm, which was close to that of the pore dimensions. Similar 
to the anodization of Ti and Al, the formation of these pseudo semi-spheres could be resulted 
from the mechanical stress induced by the effect of the niobium oxide volume expansion.[7] 
Figure 7.1 (d) depicted a ~4 µm thick porous layer which was formed after 2 h of anodization 
with a stratified structure consisting of couple different regions. By zooming in on the cross-
sectional image, a ~100−200 nm thick porous layer can be seen on top (Figure 7.1 (b)). The 
top morphologies of both upper and underneath layers were almost similar, except that the 
side walls of the upper layer were thinner and the pores were less ordered, probably due to 
the chemical dissolution effect (Figure 7.1 (a)). This upper layer, with similar morphology 
and thickness to previously-reported anodized niobium oxide structures, could be the initial 
porous layer formed at the beginning of the anodization process. The absence of a barrier 
layer underneath this initial layer provided further evidence for an enhancement of the rate of 
ion diffusion created by the PhD candidate’s unique anodization method at an elevated 
temperature. The main thick (underneath) layer appeared to be made of continuous and 
highly packed vein-like nanostructured networks (more cross-sectional SEM images were 
provided in Figures 7.2). There were also occasional lateral openings interconnecting them 
(Figures 7.2 (b) and (f)). The ‘nano-veins’ had internal diameters ranging from 30 to 60 nm, 
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while the diameters of the ‘nano-vein valves’ were typically reduced by up to 80% of the 
veins’ original internal diameters (Figures 7.1 (e) and (f)). The valves were possibly the 
residual growths from the internal walls due to the chemical dissolution caused by fluorine 
ions in the electrolytes. However, two possible chemical dissolution processes, which were 
field-assisted and localized (random) dissolutions, were generally suggested to contribute to 
the metal oxide anodized nanoporous structure formation.[8] In order to find out the dominant 
mechanism for the formation of these Nb2O5 nano-veins, the PhD candidate weakened the 
electrical field by reducing the anodic voltage from 10 to 5 V during the anodization process, 
while keeping the fluoride concentration and the rest of the process conditions the same. 
From the SEM images shown in Figure 7.3, it can be observed that the density of nano-veins 
was dramatically reduced. The PhD candidate hence concluded that the formation of these 
nano-veins was mainly due to the field-assisted chemical dissolution. 
 From the cross-sectional TEM image shown in Figure 7.4, this crisscross nanoporous 
network can provide excellent directional and continuous pathways for electron transfer in 
addition to enhanced surface area. This potentially reduced the electron scattering that had 
commonly been seen in a system made of only nanoparticles, hence fulfilling the 
prerequisites for developing highly efficient DSSCs.[9] 
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Figure 7.1. (a) Top view of the nanoporous network. (b) Cross-sectional view of the top of 
the nanoporous network. (c) Bottom view of the nanoporous network. (d) Cross-sectional 
view of the whole nanoporous network. (e) Higher magnification SEM images of cross-
sectional view of the nanoporous network. (f) 3D schematic of the cross-sectional view of the 
nanoporous network. 
 
Chapter 7: DSSCs based on Elevated Temperatures Anodized Nb2O5 Nanoporous Networks 
 122 
 
Figure 7.2. Detailed SEM images of various Nb2O5 nanoporous networks. (a), (c), (e), (g), (i) 
and (k) Cross-sectional SEM images of various Nb2O5 nanoporous networks prepared by the 
anodization process performed at 10 V in the electrolyte of 50 ml ethylene glycol with 0.25 g 
NH4F and 4 vol% H2O at 50 °C for 2 h showing that the entire Nb2O5 nanostructure consists 
of nano-veins. All scale bars correspond to 500 nm. (b), (d), (f), (h), (j) and (l) their 
corresponding SEM images in higher magnification. All scale bars correspond to 100 nm. 
 
 
Figure 7.3. Cross-sectional SEM image of a niobium oxide layer prepared by the anodization 
process performed at 5 V in the electrolyte of 50 ml ethylene glycol with 0.25 g NH4F and 
4 vol% H2O at 50 °C for 1 h. 
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Figure 7.4. Cross-sectional TEM image of a niobium oxide nanoporous network prepared by 
the anodization process performed at 10 V in the electrolyte of 50 ml ethylene glycol with 
0.25 g NH4F and 4 vol% H2O at 50 °C for 2 h. 
 
7.4 Effect of Anodization Duration, Anodic Voltage, Fluoride Content, 
Temperature and Water Content in the Electrolyte  
 The PhD candidate demonstrated that the growth of the nanoporous network was very 
efficient with a growth rate of ~2 µm/h for the first 2 h (Figures 7.5 and 7.6). However, the 
organized porous surface was partially destroyed, due to excessive chemical dissolution when 
the anodization duration exceeded 2 hr. In addition, saturation occurred and the thickness did 
not increase further after 3 h of anodization. In addition to the anodization duration, the 
surface morphology and thickness of the nanoporous network can also be controlled by 
varying fluoride content, applied anodic voltage, water content and temperature.  
Fluoride content in the electrolyte played an important role on the surface morphology 
of the porous network as shown in Figure 7.7. Insufficient amount of fluorine ions in the 
electrolyte (Figure 7.7 (a)) failed to form organized pores from the initial compact oxide 
layer. On the other hand, excessive amount of fluorine ions in the electrolyte (Figure 7.7 (c)) 
can cause the partially destruction on organized appearance of porous network due to 
chemical dissolution. 
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Figure 7.5. Top view of the nanoporous networks after (a) 0.5, (b) 1, (c) 2, (d) 3 and (e) 4 h 
anodization performed at 10 V in the electrolyte of 50 ml ethylene glycol with 0.25 g NH4F 
and 4 vol% H2O at 50 °C. Cross-sectional view of the nanoporous networks after (f) 0.5, (g) 
1, (h) 2, (i) 3 and (j) 4 h anodization.  
 
 
Figure 7.6. Graph plot of thickness of the nanoporous network vs. anodization duration. 
 
Increasing the applied voltage up to 20 V can enlarge the pore size due to the 
enhancement of the chemical dissolution effect on the porous network (Figure 7.8 (a)). 
However, voltage breakdown effect dominated when applied voltage exceeding 20 V, which 
only resulted in the formation of a compact oxide layer (Figure 7.8 (c)). 
Near zero water content in electrolyte resulted in the formation of randomly 
distributed surface pores and stratified layers in the cross section (Figures 7.9 (a) and (d)). 
Detailed mechanism was still under investigation but it might concern with the formation of 
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thin initial compact oxide layer in the absence of water. On the other hand, water acted as a 
passivator when its content exceeded 4 vol%, as the surface pore size getting smaller and the 
thickness of the porous network reduced (Figures 7.9 (c) and (f)). 
Increasing the electrolyte temperature up to 80 °C greatly enhanced the growing rate 
of porous network as it showed nearly four times larger for the pore size and four times 
thicker for the thickness at 50 °C (Figures 7.10 (b) and (e)) as compared to those at 20 °C 
(Figures 7.10 (a) and (d)). However for the temperature above 80 °C, chemical dissolution 
effect on porous network became obvious that the organized pore structure destroyed as 
shown in Figure 7.10 (c). 
 
 
Figure 7.7. Top view of the nanoporous networks prepared by anodization performed at 10 V 
in 50 ml ethylene glycol with (a) 0.15, (b) 0.25 and (c) 0.50 g NH4F mixed with 4 vol% H2O 
at 50 °C for 1 h.  
 
 
Figure 7.8. Top view of the nanoporous networks prepared by anodization performed at (a) 5, 
(b) 10 and (c) 20 V in 50 ml ethylene glycol with 0.25 g NH4F mixed with 4 vol% H2O at 
50 °C for 1 h. 
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Figure 7.9. Top view of the nanoporous networks prepared by anodization performed at 10 V 
in the electrolyte of 50 ml ethylene glycol with 0.25 g NH4F and (a) 0, (b) 4, and (c) 8 vol% 
H2O at 50 °C for 1 h. Cross-sectional view of the nanoporous networks of corresponding 
anodization condition at (d) 0, (e) 4, and (f) 8 vol% H2O in electrolyte.  
 
 
Figure 7.10. Top view of the nanoporous networks prepared by anodization performed at 
10 V in the electrolyte of 50 ml ethylene glycol with 0.25 g NH4F and 4 vol% H2O at (a) 20, 
(b) 50, and (c) 80 °C for 1 h. Cross-sectional view of the nanoporous networks of 
corresponding anodization condition at the electrolyte temperature of (d) 20, (e) 50, and (f) 
80 °C. 
 
Chapter 7: DSSCs based on Elevated Temperatures Anodized Nb2O5 Nanoporous Networks 
 127 
7.5 Structural Characterization  
 The PhD candidate utilized XRD, Raman spectroscopy, HRTEM to reveal the crystal 
structure of the as-anodized and annealed nanostructured Nb2O5 films under similar operating 
conditions to those for characterization of anodized WO3 films presented in Chapter 5. In 
addition to the aforementioned techniques, the PhD candidate utilized energy-dispersive X-
ray spectroscopy (EDX) to investigate the annealing effect on the Nb metal surface 
underneath the Nb2O5 layer.  
The PhD candidate was also aware that embedded structural impurities (such as F and 
N) in anodized TiO2 nanotubular films could potentially create additional trap states, which 
were suggested to be the cause of low electron mobility and short electron lifetime.[10] The 
PhD candidate believed that these impurities were mainly from the NH4F in the electrolyte 
during the anodization process. As a similar anodization electrolyte was utilized here, the 
PhD candidate also carried out X-ray photoelectron spectroscopy (XPS) measurements to 
reveal the structural impurities of annealed anodized Nb2O5 nanoporous networks and 
compared them to those of TiO2 nanotublar films. 
EDX measurements were carried out on the FEI Nova NanoSEM. XPS measurements 
were performed on a VG-310F instrument using Al nonmonochromated X-rays (20 kV, 
15 mA) with the hemispherical energy analyzer set at a pass energy of 100 eV for the survey 
spectrum and 20 eV for the peak scans.  
From the XRD patterns (Figure 7.11 (a)), the as-anodized nanoporous network 
appeared to be amorphous and only niobium peaks were presented in the diffractogram. 
Annealing of the porous network resulted in crystallization into an Nb2O5 orthorhombic 
structure (ICDD 27-1003, a = 6.168, b = 29.312 and c = 3.936 Å) with diffraction peaks at 
28.3, 49.7, 55.1, 58 and 63.1°. Interestingly, it was found that the Nb metal peaks disappeared 
in the XRD pattern after annealing. The PhD candidate hence compared both the SEM 
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images and EDX spectra of the Nb metal substrate surfaces, underneath the Nb2O5 layer, 
before and after annealing (Figure 7.12) and found that the Nb surface became mildly 
oxidized after annealing but without any obvious visual changes of its surface morphology. 
This was very similar to the case of substrates for anodized TiO2 nanotubular films after 
thermal treatments.[11] Hence, the absence of Nb peaks in the XRD spectrum of the annealed 
sample was believed to be ascribed to the type of the XRD system utilized in the experiments. 
It consisted of a micro-diffractometer fitted with a GADDS. It was known that GADDS was 
generally unable to detect the substrate’s signals, if the coating was thicker than 3 µm. 
However, strong Nb peaks were seen in the as-anodized sample, which revealed that the 
porous network had only been weakly oxidized before annealing. 
 The Raman spectra (Figure 7.11 (b)) confirmed the results obtained from the XRD 
measurements. For the as-anodized layer, a broad peak centred on 650 cm−1 represented the 
symmetric stretching mode v (O-Nb-O) of amorphous niobium oxide.[12] Another weak peak 
at 242 cm−1 can be assigned to bending modes of Nb-O-Nb linkages, respectively. The 
Raman peaks became more prominent after annealing. In addition, there was a peak shift 
from 650 to 690 cm−1, and a new peak appeared at 303 cm−1, both indicative of the 
orthorhombic nature of the annealed nanoporous network. According to theory, the 
orthorhombic and pseudo-hexagonal Nb2O5 structures both had very similar atomic 
structures.[13] HRTEM was utilized to further identify the crystal structure of this nanoporous 
network. Figure 7.11 (c) showed a HRTEM image of the Nb2O5 nanoporous network in 
which parallel lattice fringes with spacings of 0.39 nm had been observed. This spacing had 
been seen previously by Weissman et al.[13] who characterized Nb2O5 structures through a 
thorough TEM and ab initio investigation and observed this spacing to be indicative of the 
orthorhombic phase. Figure 7.11 (d) showed a SEAD pattern of the Nb2O5 structure, which 
has been indexed to the orthorhombic phase.  
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Figure 7.11. (a) The dashed blue line is the XRD pattern of an as-anodized niobium oxide 
nanoporous network under the same fabrication conditions as Figure 7.1 and the red line is 
the XRD pattern of the network after annealing at 440 °C in air for 20 min. Orthorhombic 
Nb2O5 (ICDD 27-1003) is indicated with a *, while Nb metal (ICDD 35-0789) is indicated 
with a ▲. (b) The corresponding Raman spectra of the as-anodized (dashed blue line) and 
post-annealed network (red line). (c) HRTEM image of one of the pore walls for Nb2O5 
nanoporous networks after annealing. (d) The corresponding SEAD pattern indexed to the 
Nb2O5 orthorhombic phase. 
 
 According to the XPS spectra shown in Figure 7.13, it appeared that both Nb2O5 
nanoporous and TiO2 nanotubular samples contained a certain amount of C, which was a 
common phenomenon when the samples were exposed to air. However, it was observed that 
the TiO2 sample was embedded with a small amount of F and N impurities − the 
corresponding weak peaks appeared in the XPS spectrum. In contrast, no obvious F and N 
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impurities were presented in the nanostructure of the Nb2O5 sample as shown by the XPS 
spectra. 
 
 
Figure 7.12. Cross-sectional SEM images on the intersection between a Nb2O5 porous layer 
and Nb metal substrate (a) before and (b) after annealing. (c) EDX spectra of the Nb surface 
before and after annealing. 
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Figure 7.13. (a) XPS spectra of a Nb2O5 nanoporous film and a TiO2 nanotubular film with 
the thicknesses of ~4 µm. (b) Detailed XPS spectra on nitrogen (N) element (centred at 
400.5 eV) for a TiO2 nanotubular film and a Nb2O5 nanoporous film. 
 
7.6 Experimental Details of DSSCs Fabrication and Characterization   
 The PhD candidate assembled the DSSCs using a conventional configuration as 
illustrated in Figure 7.14 (a). The Nb2O5 electrode was first immersed in a 0.2 mM N3 dye 
(Solaronix) in a mixture of acetonitrile and tert-butyl alcohol (volume ratio 1:1), and kept at 
room temperature for 24 h. The counter-electrode was 30 nm thick platinum, sputtered on an 
FTO substrate (Delta Technologies). The electrolyte was a solution of 0.6 M 1-butyl-3-
methylimidazolium iodide (Sigma Aldrich), 0.03 M I2 (Sigma Aldrich), 0.10 M guanidinium 
thiocyanate (Sigma Aldrich) and 0.5 M 4-tert-butyl pyridine (Sigma Aldrich) in a mixture of 
acetonitrile and valeronitrile (volume ratio, 85:15). The dye-adsorbed Nb2O5 photoanodes 
and platinized counter electrodes were assembled into a sandwich-type cell and sealed with a 
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hot-melt sealant with a thickness of 25 µm (Solaronix). The Nb2O5 electrodes had dimensions 
of 5 mm × 5 mm, i.e. 0.25 cm2.  
 The PhD candidate performed photovoltaic measurements using an AM 1.5 solar 
simulator (Photo Emission Tech.). The power of the simulated light was calibrated to 
100 mW cm−2 by using a reference silicon photodiode with a power meter (1835-C, Newport) 
and a reference silicon solar cell to reduce the mismatch between the simulated light and AM 
1.5. I–V curves were obtained by applying an external bias to the cell and measuring the 
generated photocurrent with a Keithley model 2400 digital source meter. The voltage step 
and delay time of photocurrent were 10 mV and 40 ms, respectively. DSSCs fabricated using 
commercially available TiO2 nanoparticle-coated glass plates (Dyesol, Australia) were tested 
and compared with their factory specifications in order to standardize the cell fabrication and 
testing conditions. The IPCE values for the cells were determined using a system comprising 
a monochromator (Cornerstone 330), a 300 W xenon arc lamp, a calibrated silicon 
photodetector and a power meter. To establish the dye-loading of the sensitized Nb2O5 
nanoporous networks and TiO2 nanotube arrays, samples sensitized with N3 were placed into 
a 10 mM solution of KOH to desorb the dye. Absorbance spectra of the desorbed dye were 
examined using a spectrophotometric system consisting of a Micropack DH-2000 UV–VIS–
NIR light source and an Ocean Optics HR4000 spectrophotometer. The concentration of the 
desorbed dye determined by UV-VIS spectroscopy was used to calculate the dye coverage in 
the samples. EIS spectra were measured in the dark under different bias voltages using a 
CHI 700 electrochemical workstation with impedance analyzer in a two electrode 
configuration. A 10 mV AC perturbation was applied ranging between 100 kHz and 10 mHz. 
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7.7 IPCE Spectra and Dye-loading Measurement Results  
 The PhD candidate presented the IPCE spectra of the DSSCs based on ~2 and ~4 µm 
thick crystalline Nb2O5 nanoporous networks in Figure 7.14 (b) (pictures of samples after dye 
loading were provided in the Figure 7.15) in comparison to anatase TiO2 nanotube arrays 
with similar thicknesses as a benchmark. IPCE was calculated using the relation:  
)(
)(100% λλ
λ
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jchIPCE
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×××
=  (7.1) 
where h denoted the Planck constant, c the velocity of light, e the electron charge, λ the 
wavelength, j(λ) the photocurrent density at λ and P(λ) the power density of light at λ. The 
IPCE spectrum of the dye-loaded 4 µm thick Nb2O5 nanoporous network indicated two broad 
peaks in a wide wavelength range (400-750 nm). The centre of first peak was at 450 nm with 
a peak magnitude of 52.4%, while the other was at 575 nm with a 61.1% conversion 
efficiency. Significant conversion efficiencies can also be observed for wavelengths up to 
750 nm. These impressive results were far superior to any other reported Nb2O5 based DSSCs 
that the PhD candidate were aware of and approximately 20% higher than that of TiO2 
nanotube arrays with a similar thickness. This enhancement became even more obvious for 
the 2 µm thick Nb2O5 nanoporous network, which surprisingly showed an almost 100% 
improvement when compared with that of a TiO2 nanotube array. The PhD candidate 
believed that this noteworthy improvement of the conversion efficiency could be primarily 
due to the enhanced surface area of the Nb2O5 nanoporous networks. The 2 and 4 µm thick 
Nb2O5 nanoporous networks had a greater surface area by factors of 100% and 45%, 
respectively, in comparison to the equivalent TiO2 nanotube arrays according to the dye 
coverage characterization presented in Figures 7.14 (c) and (d). 
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Figure 7.14. (a) The configuration of the DSSC fabricated incorporating the Nb2O5 
nanoporous network. (b) The IPCE spectra of DSSCs fabricated using Nb2O5 nanoporous 
networks and TiO2 nanotube arrays of various thicknesses. (c) Table of dye coverage detail of 
the Nb2O5 nanoporous networks and TiO2 nanotube arrays. (d) UV-VIS absorption spectra of 
N3 dye desorbed from Nb2O5 nanoporous networks and TiO2 nanotube arrays of various 
thicknesses. 
 
 
Figure 7.15. 2 µm sample (a) before and (b) after N3 dye immersion for 24 h. 4 µm sample  
(c) before and (d) after N3 dye immersion for 24 h. 
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7.8 I-V Characterization  
 The PhD candidate presented the I-V characteristics of these DSSCs in Figures 7.16 (a) 
and (b). The DSSC with a ~4 µm thick Nb2O5 nanoporous network yielded a power 
conversion efficiency of 4.1%. In comparison, a TiO2 nanotube array based DSSC with 
similar thickness had an efficiency of only 2.7%, which was 51% below that of Nb2O5. 
Similarly, there was a 47% improvement in power conversion efficiency for an Nb2O5 
nanoporous network when compared to a TiO2 nanotube array when both thicknesses were 
reduced to ~2 µm. Note that the presence of a higher open circuit voltage VOC for Nb2O5 
when compared to TiO2 was a commonly reported characteristic.[1-3] This was mainly due to 
wider bandgap (~0.29 eV wider) and higher CB edge energy of Nb2O5, as VOC was 
proportional to the difference between the Fermi level of the Nb2O5 (or TiO2) electrode and 
the electrochemical potential of the redox couple.[14] 
 In addition to the increase in open circuit voltage, the significant improvement in the 
short circuit photocurrent density JSC may be due to a larger amount of loaded dye and also 
possibly less dye agglomerates formed on the oxide surfaces due to the better chemical 
stability of Nb2O5.[15] However, it was widely known that the major drawbacks for utilizing 
nano-architectures, especially those that were based on nanoparticles, were the increase in the 
random diffusion of electrons (which led to a higher likelihood of electron entrapment) and 
the increase in grain boundary density (which gave rise to defect states in the bandgap that 
performed as trap centers for the free electrons).[4, 9] Hence, these effects can largely degrade 
the electron transport and recombination kinetics. Although TiO2 nanotube arrays had been 
suggested to offset these drawbacks, a recent research revealed that the possible fluoride and 
nitrogen impurities in TiO2 nanotubes, mainly embedded during anodization, can create 
additional trap states, which was implied to be the cause for lower electron mobility and 
shorter electron lifetime.[10] Here these Nb2O5 nanoporous networks can provide continuous 
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and directional electron transfer pathways, which performed similar to those of TiO2 
nanotube arrays. More importantly, they had much better chemical stabilities hence 
minimizing the fluoride and nitrogen doping effect. The PhD candidate found no impurities 
within these nanoporous networks by utilizing various surface characterization techniques, 
including XRD, Raman spectroscopy and XPS. 
 
 
Figure 7.16. (a) I–V characteristics of DSSCs fabricated using Nb2O5 nanoporous networks 
and TiO2 nanotube arrays of various thicknesses under the testing condition of Sun AM 1.5 
(100 mWcm-2). (b) Table of power conversion efficiencies of the Nb2O5 nanoporous 
networks and TiO2 nanotube arrays. (c) OVCD measurements of DSSCs fabricated using 
Nb2O5 nanoporous networks and TiO2 nanotube arrays of various thicknesses. (d) Effective 
electron lifetime determined by OVCD measurements for DSSCs fabricated using Nb2O5 
nanoporous networks and TiO2 nanotube arrays of various thicknesses.  
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7.9 Electron Transfer and Recombination Kinetics  
 The PhD candidate performed OCVD measurements to estimate effective electron 
lifetime. The effective electron lifetime was determined using the relation: 
edtdV
Tk
OC
B
n
×
−
= )/(τ  (7.2) 
 where kBT was the thermal energy, dVOC/dt was the derivative of open circuit voltage 
transient and e was the positive elementary charge. According to Figures 7.16 (c) and (d), 
electrons in these Nb2O5 nanoporous networks exhibited much longer effective lifetimes in 
comparison to those in TiO2 nanotube arrays, indicating a combined effect of higher energy 
level of CB of Nb2O5 and fewer recombination centres in the nanoporous networks.[1, 9, 16] 
The PhD candidate further analyzed the electron transport and recombination properties in 
the photoanodes of Nb2O5 nanoporous networks and TiO2 nanotube arrays by utilizing EIS. 
EIS was regarded as a powerful technique to characterize the transport and recombination in 
DSSCs and appropriate physical models had been developed to interpret the results.[17-19] EIS 
spectra of Nb2O5 and TiO2 were measured in the dark under the bias voltage of −0.67 and 
−0.60 V, respectively. A well-developed equivalent circuit by Juan et al.[17] was employed to 
fit the experimental data of impedance spectra for extracting parameters of DSSCs related to 
electron transport and recombination, using the electrochemical workstation in-built 
simulation software. Among several key parameters involved in this equivalent circuit, three 
fitted parameters, which were electron transport resistance (Rw) in the oxide layer, charge 
transfer resistance of the charge recombination between electrons in the oxide and I3− ions in 
the electrolyte (Rk), and chemical capacitance of the oxide layer (Cµ), could be used in order 
to determine the parameters for the evaluation of cell performance, such as the electron 
transport time (τd), effective electron lifetime (τeff) and effective diffusion length (Leff).[20-21]  
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Figure 7.17. (a) Nyquist plots of the measured and fitted impedance spectra of Nb2O5 
nanoporous networks and TiO2 nanotube arrays with thicknesses of ~2 and ~4 µm. (b) 
Detailed impedance spectra of the marked region shown in (a). (c) Their corresponding Bode 
phase plots of measured and fitted impedance spectra. (d) Summary of parametric analysis of 
the impedance spectra. 
 
 According to the Nyquist plots of the impedance spectra in Figures 7.17 (a) and (b), it 
was seen that the radiuses of the semicircles of the Nb2O5 nanoporous networks were almost 
ten-fold larger than those of TiO2 nanotube arrays of similar thicknesses, which implied that 
Nb2O5 films had much larger charge transfer resistances and, therefore, greatly enhanced 
electron lifetimes. This conclusion was also supported by both the Bode phase plot displayed 
in Figure 7.17 (c), in which the left frequency peaks of Nb2O5 films (centered at around 
~0.8 Hz) were more left-shifted as compared to those of TiO2, as well as the OCVD results 
shown in Figure 7.16 (d). The fitted parameters shown in Figure 7.17 (d) indicated that the 
τeff of 2 and 4 µm Nb2O5 nanoporous networks were 8.31 and 5.71 s, respectively, which 
were approximately 13 and 11 fold longer than those of TiO2 nanotube arrays with similar 
thicknesses. However, their τd were almost 4 times longer than their TiO2 counterparts, hence 
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leading to smaller electron diffusion rates. This could be possibly due to the lower natural 
conductivity of Nb2O5 itself. Fortunately, their superiorly enhanced effective electron 
lifetimes compensated the shortfall of smaller electron diffusion rates in the photoanodes, 
which resulted in enhanced Leff in comparison to those of TiO2 nanotube arrays.  
 
7.10 Chapter Summary and Conclusion 
In this chapter, the PhD candidate managed to fabricate Nb2O5 crisscross nanoporous 
networks with thickness of up to ~4 µm by using a unique electrochemical anodization 
method at elevated temperatures that provided an efficient process to obtain porous 
morphologies. The PhD candidate demonstrated that the selection of electrolyte temperature 
was an important parameter that required optimization. In particular, the PhD candidate found 
that the chemical dissolution effect on the porous layer was greatly increased even in the 
presence of ethylene glycol for temperatures above 50 °C, while the growth rate of the porous 
layer dropped rapidly at temperatures below 50 °C. Furthermore, the PhD candidate showed 
that anodization duration, anodic voltage, fluoride content and H2O content in the electrolyte 
were other important parameters that affected the surface morphologies as well as the 
thicknesses of these porous layers. According to the XRD, Raman spectroscopy, HRTEM 
and SEM results, the PhD candidate emphasized that these highly crystalline nanoporous 
networks can both offer superior dye-loading sites as well as excellent continuous and 
directional pathways for electron transfer. In addition, the PhD candidate found no structural 
impurity in these nanoporous network based on the XPS results. This observation suggested 
enhanced electron transfer and recombination kinetics could be exhibited by Nb2O5 
nanoporous networks in comparison to those of TiO2 nanotubular films. 
 The PhD candidate demonstrated that the photoconversion efficiencies of a ~2 and 
~4 µm thick Nb2O5 photoanode were 2.4 and 4.1%, respectively. They were at least 50% 
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higher than those of TiO2 nanotube arrays with similar thicknesses. The PhD candidate 
ascribed this superior enhancement to mainly the increased surface area, in which the IPCE 
and desorbed dye concentration results both indicated that the surface areas of anodized 
Nb2O5 films were almost double as compared to their TiO2 counterparts. In addition, the PhD 
candidate found that the electron lifetimes of anodized Nb2O5 films were almost ten-fold 
longer than those of TiO2 nanotubular films based on the OVCD measurements and EIS 
spectra. As the result, the PhD candidate concluded that elevated temperature anodized 
Nb2O5 was a more suitable photoanode material for highly efficient DSSCs as compared to 
nanotubular TiO2, due to its enhanced dye-loading sites, relatively wider bandgap and high 
CB edge as well as enhanced effective electron lifetimes.  
 The outcome of the chapter was mostly contributed to one of the PhD candidate’s 
journal papers entitled “Elevated Temperature Anodized Nb2O5 – A Photoanode Material 
with Exceptionally Large Photoconversion Efficiencies” that was published in the journal of 
ACS Nano.[22] 
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8.1 Conclusions  
This PhD project encompassed the research and development of high performance 
smart windows, optical gas sensors and DSSCs based on nanostructured WO3, MoO3 and 
Nb2O5. A summary of the major outcomes in this research is outlined as follows: 
 
Nanostructured WO3: 
• In-situ Raman spectroscopic results revealed the formations of oxygen vacancies and 
water molecules on the RF-sputtered WO3 gains during the WO3 gasoschromic 
reactions with H2 gas. 
• The PhD candidate found that the nanostructured WO3 gasochromism depended on 
the operating temperatures based on the in-situ Raman spectroscopic results. The 
Raman spectra showed that increasing operating temperature enhanced the 
formations of surface water molecules and oxygen vacancies. However, these 
enhancements were compensated by both the surface water molecules desorption 
and oxygen vacancies recombination at operating temperatures above 100 °C. 
• The PhD candidate also found that the WO3 gasochromism was also strongly related 
to the crystallinity of WO3, as the rate of H+ ions diffusion along WO3 grains 
becoming smaller with the enhanced crystallinity of WO3. 
Chapter 8: Conclusions and Future Works  
 143 
• For the first time, the PhD candidate developed fiber optic H2 gas sensors based on 
nano-platelet Pd/WO3 films by using a simple and controllable wet chemical etching 
method. These sensors could operate at a relatively low operating temperature of 
100 °C and they were characterized by high sensitivity towards H2 gas 
concentrations as low as 0.06%, as well as excellent dynamic performance with 
response and recovery time of less than 30 and 60 s, respectively.  
• Based on the results from a comprehensive set of experiments, the PhD candidate 
ascribed the enhanced H2 gas sensing performances obtained from these optical gas 
sensors to their fine nano-platelet structures, which provided large and crystalline 
surface interactive areas with H2 gas. 
• The PhD candidate for the first time developed highly ordered 3D crystalline WO3 
nanoporous networks, with remarkable degrees of transparency, and controllable 
thicknesses of up to 2 µm. To obtain such films, the PhD candidate devised an 
anodization method of RF-sputtered W films on FTO coated glass substrates. This 
method had not been previously suggested by any other groups for the W 
anodization and was the basis of the success in obtaining the optimum WO3 nano-
architectures. 
• Under a low coloration voltage of -0.25 V (one of the lowest coloration voltages 
ever reported in the literature so far), the 3D crystalline WO3 nanoporous networks, 
with optimized thicknesses ranging from 0.6 to 1 µm, demonstrated impressive 
coloration efficiencies (up to 141.5 cm2 C-1 at 750 nm) that greatly exceeded the 
general range of other reported crystalline WO3 systems. This remarkable 
enhancement together with long cyclic stabilities (>2000 cycles), large optical 
modulations (up to 75% at 750 nm), and switching times that were viable for 
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commercial applications, offered a suitable candidate for the creation of electrodes 
for high performance EC smart windows. 
• By employing a large number of characterization techniques, the PhD candidate was 
able to ascribe the enhanced EC properties obtained from these 3D crystalline WO3 
nanoporous networks to a combination of large surface area, facilitating increased 
intercalation of protons and charges, as well as excellent directional and continuous 
paths for charge transfer and protons migration in the highly crystalline material. 
 
Nanostructured MoO3: 
• By conducting in-situ Raman spectroscopic studies, the PhD candidate revealed that 
the dissociated H+ ions from H2 gas molecules mainly interacted with the doubly 
coordinated oxygen atoms of MoO3 and caused its crystal structure transformed into 
the mixed structure of hydrogen molybdenum bronze and sub-stoichiometric MoO3 
during the MoO3 gasochromism. The continuation of such interactions eventually 
formed oxygen vacancies and water. This was the first investigation that 
demonstrated the aforementioned transformations using the in-situ Raman 
spectroscopic analysis. 
• Nanostructured MoO3 was deposited using a thermally evaporated method on a wide 
variety of transparent substrates to alter their surface-to-volume ratios. The in-situ 
Raman spectroscopic results, carried out by the PhD candidate, suggested that the 
intensity of MoO3 gasochromic reaction was directly linked to the surface-to-volume 
ratios of MoO3 nanostructures. 
• The PhD candidate revealed that the introduction of O2 in H2 gas during the MoO3 
gasochromic reactions caused the recombination of the generated oxygen vacancies. 
This might also enhance the surface blocking effect due to the possible formation of 
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surface water molecules on the catalytic sites caused by the dissociated H+ ions and 
O atoms. 
 
Nanostructured Nb2O5: 
• The PhD candidate developed crystalline Nb2O5 nanoporous networks, with 
thicknesses of ~4 µm by a novel electrochemical anodization of Nb foils at elevated 
temperatures. The PhD candidate showed that the thicknesses and surface 
morphologies of these nanoporous networks could be controlled by the applied 
anodic voltages, fluoride contents in the electrolyte, water contents in the electrolyte, 
electrolyte temperatures as well as the anodization duration. 
• The power conversion efficiency obtained from a ~4 µm thick Nb2O5 nanoporous 
network based DSSC was the highest among all the reported photoanodes with 
similar thicknesses when utilizing back side illumination. Particularly, it yielded a 
power conversion efficiency of 4.1%, which was at least 50% higher than that of a 
TiO2 nanotube array (2.7%). 
• For the first time, the PhD candidate demonstrated that these Nb2O5 nanoporous 
networks were a more suitable candidate material for increasing the efficiencies of 
DSSCs due to a combination of their reduced electron scattering, greater surface 
area, wider bandgap and higher CB edge, as well as longer effective electron 
lifetime. 
 
8.2 Publication and Other Achievements 
 The PhD candidate successfully fulfilled the research objectives of the PhD project by 
developing high performance electrochromic smart windows, optical gas sensors and DSSCs 
based on nanostructured WO3, MoO3 and Nb2O5. The results have been published in high 
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impact factor fully refereed journals and proceedings of prestigious international conferences. 
These include: 
• 14 publications in journals such as ACS Nano, Advanced Materials, Advanced 
Functional Materials, Nanoscale, Journal of Physical Chemistry C, Crystal Growth 
& Design, Nanotechnology, Physical Chemistry Chemical Physics, Sensors and 
Actuators B: Chemical, Sensors and Actuators A: Physical, Sensor Letters and 
Journal of the Korean Physical Society. 
• 6 publications in proceedings of IEEE sensors, Procedia Engineering and 
International Society for Optical Engineering (SPIE). 
A full list of the PhD candidate’s publications is presented in the Appendix. The PhD 
candidate was also invited to be a referee for the journals of Langmuir, ACS Applied 
Materials & Interfaces and Materials Science and Engineering B during the course of his 
PhD candidature. 
 Further to the research activity, the PhD candidate attended and presented his works 
in a number of scientific conferences, including International Meeting on Chemical Sensors 
(IMCS) 2010, Perth, Australia; Eurosensors 2010, Linz, Austria; 4th European Workshop on 
Optical Fiber Sensors (EWOFS) 2010, Porto, Portugal and Materials Research Society 
(MRS) spring meeting 2012, San Francisco, USA.  
 The PhD candidate was pleased to be awarded the “2011 Chinese Government Award 
for Outstanding Self-financed Students Aboard” and “2012 RMIT University HDR 
Publication Award”. 
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8.3 Future Works  
Throughout the course of this PhD project, several areas of interest, which has 
tremendous research potential, have been identified. Therefore, the PhD candidate highlights 
some future recommendations to researchers who seek to follow these investigations:  
• The surface active area of the nano-platelet WO3 based optical fiber sensor is still 
limited. This is due to the relatively large dimensions of the WO3 nano-platelets (~ 
100 nm). Hence, growing highly porous nanostructures on optical fibers should be 
noteworthy for improving the sensitivities of these optical gas sensors. Such 
structures can be obtained via liquid phase synthesis techniques. 
• The electrochromic coloration efficiencies obtained by the anodized WO3 
nanoporous network are still lower than those of the best reported amorphous 
counterparts. It is worthy to notice that organic electrochromic polymers generally 
have impressive coloration efficiencies (in the range above ~ 200 cm2 C-1) but show 
poor chemical stabilities and limited surface areas. Hence, mixing these crystalline 
WO3 nanoporous networks together with the organic electrochromic polymers can 
be an effective approach to tackle this problem. 
• It will be beneficial to conduct the electrochemical impedance spectroscopy 
measurements on the anodized WO3 nanoporous networks to reveal their charge 
transfer dynamics and proton migration kinetics during the electrochromic reactions. 
• It is important to synthesize MoO3 nanostructures with the prerequisites of large 
surface area as well as high degrees of structural continuity. These nanostructures 
are believed to be the key to develop nanostructured MoO3 based high performance 
chromic devices.  
• The maximum thickness of the anodized Nb2O5 nanoporous networks is only up to 
4 µm, which limits the surface active areas for optimum dye-loading and is much 
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lower than their effective electron diffusion lengths. The PhD candidate suggests to 
carry out the Nb anodization in complex fluoride electrolytes such as [BF4]− or 
[TiF6]2− instead of NH4F to induce milder chemical dissolution condition during the 
anodization process. This approach is believed to enable the growth of thicker 
anodic oxide layer.  
• Anodically growing Nb2O5 nanoporous networks on TCO substrates instead of 
opaque metal foils can enable the utilization of the front side illumination layout of 
the DSSCs. This can avoid the light loss when the light incidents though the Pt-
coated counter electrode under the backside illumination layout, and hence is able to 
increase the power conversion efficiencies of the DSSCs. 
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